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1.0 Summary 
 
The growing problem of waste tyre disposal in the UK can be alleviated if new 
recycling routes can be found for the surplus tyres. One of the largest potential routes 
is in construction, but usage of waste tyres in civil engineering is currently very low. 
This study investigates the potential of incorporating recycled rubber tyre chips into 
Ordinary Portland Cement (OPC) concrete. This report presents the workability, 
strength and durability properties of concrete incorporating rubber tyre chips as a 
partial replacement for the coarse aggregate in the concrete. Plain rubber aggregate 
and rubber aggregate coated with cement paste were used. The results showed that 
concrete incorporating rubber aggregate has lower workability and unit weight and 
exhibited a notable reduction in compressive strength. However, the rubberised 
concrete did not exhibit a typical failure mode of plain concrete and a beneficial effect 
on flexural strength was observed.  
 
The potential use of rubberised concrete in applications such as precast concrete units 
is also discussed, and studies have been carried out into the production of concrete 
blocks. The ability to produce cost effective rubberised concrete products for industry 
depends on overcoming some of the practical production difficulties. A further 
difficulty is the current cost of rubber chips, which exceeds the cost of natural 
aggregates including the aggregates levy. However, it should be possible to reduce the 
cost of rubber aggregate for use in concrete as the processing requirements will be less 
stringent than for current applications, giving improved prospects for rubberised 
concrete block products. 
 
The development of practicable rubberised concrete products is under ongoing 
investigation at the University of Strathclyde. In addition to meeting recycling and 
sustainability objectives, the aim is to produce products with enhanced properties in 
specific applications. The use of rubberised concrete in concrete blocks probably 
shows the greatest potential for success at present. Testing carried out to date has 
shown that a concrete block can be produced with the required strength characteristics. 
Ongoing work will investigate the feasibility of producing rubberised concrete block 
on a commercial basis and investigate the potential for enhanced thermal capacity and 
sound insulation. 
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2.0 Introduction 
 
2.1 Background  
 
The disposal of waste tyres is becoming a major waste management problem in the 
UK. It is estimated that 37 million car and truck tyres are being discarded annually and 
this number is set to increase, in line with the growth in road traffic and car ownership, 
by a further 39% by 2011 and 63% by 2021 (Martin, 2001). At present, it is estimated 
that 11% of post-consumer tyres are exported, 62% are reused, recycled or sent for 
energy recovery and 27% are sent to landfill (shredded tyre), stockpiled (whole tyre) 
or dumped in illegal tyre dumps.  
 
Landfill has been one of the most convenient ways of disposing of waste tyres. As 
rubber tyres are extremely durable and not naturally biodegradable, they will remain in 
landfill with very little degradation over time, presenting a continuing environmental 
hazard. However, landfill is no longer a viable option due to the implementation of 
European Union legislation, which currently bans the disposal of whole tyres in 
landfill sites and will ban the disposal of shredded tyres by the year 2006. There is, 
therefore, an urgent need to identify alternative solutions in line with the UK 
Government’s waste management hierarchy. This promotes recycling ahead of 
disposal and energy recovery. One of the largest potential recycling routes is in 
construction, but usage of waste tyres in civil engineering is currently very low. This is 
due to the lack of high volume applications and products involving recycled tyres. 
 
After the imposition of the landfill ban in 2006, there is a strong possibility of an 
increase in stockpiling and dumping of used tyres, whether legally or illegally. 
However, tyre stockpiles are a considerable environmental and fire hazard. 
Uncontrolled combustion of tyres tends to release significant amounts of unburned 
hydrocarbons and noxious emissions into the atmosphere. The melting tyres also 
produce large quantities of oil, which cause contamination of soil and ground water. A 
tyre dump in Powys, Wales, which is the biggest tyre dump in UK with 10 million 
tyres has been burning continuously for the last nine years (Brown, 2002). 
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A recent report (Hird et al., 2002) highlighted the urgent need to identify viable 
recycling routes for used tyres. As shown in Figure 2.1, tyre recycling is predicted to 
remain flat in the UK up until 2012 with the only growth being in energy recovery. A 
major use in energy recovery is as a fuel source for cement kilns, where tyres produce 
20% more energy than coal. A considerable shortfall in the capacity of the UK to 
reprocess its used tyres is also predicted due to the lack of economically viable 
alternatives to landfill. Currently only about 4.5% of tyres are recycled in civil 
engineering applications. These tend to be small-scale applications in single projects. 
However, the potential market in civil engineering applications is enormous. For 
example, about £1.8bn is spent annually in the UK on concrete products. 
Figure 2.1 Predicted (best case) tyre reprocessing capacities by category (from 
Hird et al., 2002) 
 
Innovative solutions to cope with the tyre disposal problem have long been in 
development. Among the most promising alternatives are: reuse of ground tyre rubber 
in a variety of rubber and plastic products, tyre retreading applications, highway crash 
barriers, breakwaters and the mixing of rubber and asphalt in pavement construction 
(EPA, 1991; Ahmed and Lovell, 1992; Ahmed, 1993). Small proportions of rubber are 
also used as an energy absorbing material in children’s play areas to prevent injury. 
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In addition, waste tyre can be used as feedstock for producing carbon black through 
tyre pyrolysis and as artificial reefs in marine environments (Paul, 1985; Takallou and 
Takallou, 1991; O’Keefe, 1984; Farcasiu, 1993; Tuotanji, 1996). Pyrolysis is a process 
of thermal decomposition in an inert atmosphere which yields gas, oil, steel and 
carbon char which can be used to strip 90% of hydrocarbons from liquid effluent. 
Compared to energy recovery by direct burning, pyrolysis is a self-contained process 
which avoids the release of large volumes of combustion gases. This saves on the cost 
of cleaning systems needed with normal incineration to remove pollutants from gasses. 
However, according to Paul (1985), although the use of rubber tyres in the production 
of carbon black eliminates shredding and grinding costs, the carbon black from tyre 
pyrolysis is more expensive and is of lower quality than that derived from petroleum 
oils. 
 
Extensive investigation of the use of tyre rubber in asphalt materials has been 
conducted, either as a binder enhancement or an aggregate replacement (Goulias and 
Ali, 1994; Goulias, 1996). Early studies showed that rubberised asphalt had better skid 
resistance, increased durability, reduced fatigue cracking and achieved longer 
pavement life than conventional asphalt (Adam et al., 1985; Esch, 1984; Estakhri, 
1990; Khola and Trogdon, 1990). Approximately 480 million tons of asphalt are used 
each year in the United States (Singh, 1992) and in 1986, 25 200 tons of rubber were 
used in asphalt. However, the initial cost of rubberised asphalt is 40 to 100% higher 
than that of conventional asphalt and its long-term benefits are uncertain (Fedroff et 
al., 1996).  
 
However, not much attention has been given to the potential use of rubber as concrete 
aggregate in Ordinary Portland Cement (OPC) concrete. As previously mentioned, 
there is a very large market for concrete products, including non-primary structural 
applications for which products incorporating rubber aggregate could be feasible. This 
study investigates engineering properties of concrete containing rubber aggregate and 
considers the potential of rubberised concrete in various civil engineering applications.  
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2.2 Objectives 
 
The overall objective of the project is to investigate the feasibility of incorporating 
rubber tyre chips as a replacement for natural mineral aggregates in concrete. 
 
The specific objectives of the project are as follows: 
 
1. To establish the density and grading of the rubber crumb and chip aggregate, 
2. To establish a family of concrete mixes which produce concrete with prescribed 
properties, 
3.  To evaluate the structural properties of concrete made using rubber aggregate, 
4.  To undertake a cost-benefit analysis and investigate the market potential of 
rubberised concrete products. 
 
In addition to investigating the use of rubber aggregate in concrete mix design and the 
engineering properties of concrete mixes, an important consideration has been the 
development of rubberised concrete products which are feasible in terms of production 
and have some market potential. 
 
2.3 Scope of Work 
 
The programme of work undertaken is summarised below: 
 
Characteristics of fresh rubberised concrete 
In order to assess the characteristics of fresh rubberised concrete, the following aspects 
were considered: 
¾ Mix design, 
¾ Workability, 
¾ Ease of preparation and finishing. 
The workability was assessed using British Standard testing equipment and 
procedures, including slump, Vebe and compacting factor tests. 
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Characteristics of hardened rubberised concrete 
The following tests were carried out to establish the engineering properties of 
rubberised concrete: 
¾ Compressive strength, 
¾ Splitting tensile strength, 
¾ Flexural strength, 
¾ Abrasion resistance. 
The first three properties were determined using British Standard testing equipment 
and procedures. There is no British Standard test for the determination of abrasion 
resistance, although guidance is provided. Suitable testing equipment and procedures 
were developed especially for this study. 
 
Applications of rubberised concrete 
Before considering the potential applications of rubberised concrete, a cost analysis 
was carried out, the results of which were then applied to potential applications such as 
concrete blocks and composite construction. The production of concrete blocks 
incorporating rubber aggregate was also investigated with the aim of producing blocks 
which meet the industry requirements for strength and weight. 
 
2.4 Terminology 
 
The following terminology is used in this report which is based on recommendations 
by the Scrap Tyre Management Council (STMC) (2001) and American Concrete 
Institute (1996).  
 
Crumb rubber 
Crumb rubber refers to any material derived by reducing scrap tyres or other rubber 
into uniform granules with the inherent reinforcing materials such as steel and fibre 
removed along with any other type of inert contaminants such as dust, glass or rock. 
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Ground rubber 
Ground rubber is also called crumb rubber and is produced by subjecting tyres to a 
series of high-powered machines that first shred the tyre, then reduced the product to 
ever decreasing particles size. 
 
Waste tyre 
Waste tyre usually generated from both the products of the manufacturing process and 
post-consumer (retired) products, mainly consisting of scrap tyres. 
 
Scrap tyre 
A whole tyre that can no longer be used for its original intended purpose. A whole 
used tyre that can be used, reused or legally modified to be reused for its original 
intended purpose is not a scrap tyre. 
 
Rubber aggregate 
Reduction of scrap tyres to aggregate sizes by two processing technologies: 
mechanical grinding or cryogenic processing. Such rubber aggregate can be fine or 
coarse rubber aggregate. Fine rubber aggregate is sometimes referred to as crumb 
rubber aggregate while coarse rubber aggregate is sometimes referred to as tyre chips. 
 
Ordinary Portland Cement 
A term used in the UK to designate the equivalent of American normal Portland 
cement or Type I cement, commonly abbreviated OPC. 
Ordinary aggregate 
Granular material, such as sand, gravel, crushed stone, crushed hydraulic-cement 
concrete or iron blast-furnace slag, used with a hydraulic cementing medium to 
produce either concrete or mortar. 
 
Coarse aggregate 
Refers to aggregate particles larger than 4.75 mm 
 
Fine aggregate 
Refers to aggregate particles smaller than 4.75 mm but larger than 75 µm  
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Rubberised asphalt  
The use of tyre chips or crumb rubber in place of or in addition to other aggregates in 
the final asphalt mix. 
 
Ordinary concrete 
Concrete produced with natural sand as fine aggregate, gravel or crushed rock as 
coarse aggregate and cement. 
 
Rubberised concrete 
Concrete containing rubber aggregate or combinations of rubber aggregate and 
ordinary aggregate. 
 
Mortar 
A mixture of cement paste and fine aggregate. In fresh concrete, the material 
occupying the interstices among particles of coarse aggregate. 
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3.0 Review of Relevant Research  
 
Previous research into the use of rubber aggregate in OPC concrete mixes has been 
limited in scope and reported in the past few years. This chapter gives a general 
overview of relevant previous research and other information concerning the 
constituents and properties of cement-based materials containing recycled rubber 
aggregates of various types.  
 
3.1 General Characteristics and Constituents of Concrete 
 
Concrete is a low cost, versatile and durable material and is the most widely used 
construction material world-wide. About £1.8bn is spent annually in the UK on 
concrete products, of which £600m is building blocks and bricks and £400m is 
prefabricated structural components. Concrete consists of a hydraulic cement binder 
and a filler, usually in the form of natural aggregates. The aggregates usually 
constitute between 50% and 80% of the volume of conventional concrete and may 
therefore greatly influence its properties. Artificial and replacement aggregates have 
long been used in concrete, such as waste materials from industrial processes e.g. 
pulverised fuel ash. More recently, the requirements of sustainability have led to the 
development of replacement aggregates such as recycled concrete and glass cullett. 
 
Concrete strength is greatly affected by the properties of its constituents and the mix 
design parameters. Because aggregates represent the major constituent of the bulk of a 
concrete mixture, its properties affect the properties of the final product. Aggregate 
has been customarily treated as inert filler in concrete. However, due to increasing 
awareness of the role played by aggregates in determining many important properties 
of concrete, the traditional view of the aggregate as inert filler is being seriously 
questioned (Metha and Monteiro, 1993). Certain aggregate characteristics are required 
for proportioning concrete mixtures. These include density, grading and moisture state 
(Kosmatka and Panarese, 1990). Porosity or density, grading, shape and surface 
texture determine the properties of a plastic concrete mixture. The mineralogical 
composition of aggregate affects its crushing strength, hardness, elastic modulus and 
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soundness which in turn influence the strength and durability properties of hardened 
concrete. 
 
The use of recycled rubber as a full or partial replacement for the natural aggregates in 
concrete will therefore necessitate an investigation of the changes in the properties of 
the concrete, in both fresh and hardened states, and how this affects the potential 
applications of rubberised concrete. 
 
3.2 Material Constituents of Rubberised Concrete 
 
This section describes the physical characteristics of the constituents of rubberised 
concrete used in previous investigations i.e. rubber aggregates, mineral aggregates  
and cement. 
 
3.2.1 Rubber Aggregate 
 
Rubber aggregates are obtained by reduction of scrap tyres to aggregate sizes using 
two general processing technologies: mechanical grinding at ambient conditions (at 
room temperature) or cryogenic grinding (Nagdi, 1993).  
 
Mechanical grinding is the most common process. This method consists of using a 
variety of grinding techniques such as ‘cracker mills’ and ‘granulators’ to 
mechanically break down the rubber shred into small particle sizes ranging from 
several centimetres to fractions of a centimetre. The steel bead and wire mesh in the 
tyres is magnetically separated from the crumb during the various stages of 
granulation, and sieve shakers separate the fibre in the tyre.  
 
Cryogenic processing is performed at a temperature below the glass transition 
temperature. This is usually accomplished by freezing of scrap tyre rubber using liquid 
nitrogen. The cooled rubber is extremely brittle and is fed directly into a cooled closed 
loop hammer-mill/multi-state screener to be crushed into small particles with the fibre 
and steel removed in the same way as in mechanical grinding (Leyden, 1991). The 
whole process takes place in the absence of oxygen, so surface oxidation is not a 
consideration. Because of the low temperature used in the process, the crumb rubber 
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derived from the process is not altered in any way from the original material (Owen, 
1998). Eldin and Senouci (1993) argued that unlike mechanically processed rubber, 
the cryogenic process is an efficient means of obtaining rubber aggregate which is 
steel and fabric-free, uniformly geometric in shape and finely ground (down to powder 
size).  
 
Various types of rubber aggregate have been used in previous investigations. Ali et al. 
(1993) described various methods to process scrap tyres into rubber and presented 
typical comparisons between the chemical compositions of truck and car tyres. 
Rostami et al. (1993) and Topcu (1995) used buff rubber obtained by mechanical 
grinding of the tyre head, while Ali et al. (1993), Eldin and Senouci (1993) and Khatib 
and Bayomy (1999) appear to have used rubber obtained from mechanical grinding of 
whole tyres. They also used smaller size rubber crumb obtained from cryogenic 
processes, which has a gradation close to that of a typical sand. Eldin and Senouci 
(1993) used two types of coarse rubber aggregate (tyre chips); one type was long 
angular chips obtained by mechanical grinding (called Edger chips) and the other was 
round particles of 6mm size produced by cryogenic grinding (called Preston chips). 
 
However, none of the investigators have indicated the source of the rubber (i.e. truck 
or car tyres). According to Sherwood (1995), the rubber source and grinding process 
can influence the amount of steel and textile fibre in the rubber as well as the shape 
and texture of the rubber, and ultimately the properties of rubberised concrete. 
 
The maximum size and grading of rubber aggregates used by various investigators 
varied considerably. Ali et al. (1993) used three gradings of rubber with a maximum 
size of less than 4.76mm and one type contained textile fibre. Topcu (1995) graded the 
rubber used in the investigation into 0–1 mm and 1– 4 mm. Eldin and Senouci (1993) 
used coarse rubber aggregates and graded their rubber into three groups of 38, 25 and 
19 mm maximum sizes. They also used one grading passing a size 2 mm sieve. Khatib 
and Bayomy (1999) graded the rubber based on the ASTM C 136 method. They 
indicated that it was not possible to determine the gradation curve for their tyre chips, 
as for normal aggregates, because they are elongated particles that range in size from 
about 10 to 50mm. No details of the size or shape of rubber aggregates were reported 
by Rostami et al. (1993). 
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The density of the rubber aggregates reported in the previous studies varied. Eldin and 
Senouci (1993) reported that the unit weight of the rubber used varied between 800 
and 960 kg/m3. Also, the specific gravity of rubber used in the different investigations 
varied widely i.e. 0.65 (Topcu, 1995), 0.80 (Rostami et al., 1993), 1.06 to 1.09 (Ali et 
al., 1993) and 1.12 (Khatib and Bayomy, 1999). Fattuhi and Clark (1996) suggested 
that the variations in specific gravity could be due to varying rubber quality and/or 
experimental errors. 
 
3.2.2 Mineral Aggregates  
 
Various sizes of coarse aggregate were used in the investigations i.e. 38 mm (Eldin 
and Senouci, 1993), 19 mm (Ali et al., 1993; Toutanji, 1996), 16 mm (Topcu, 1995) 
and 10 mm (Fattuhi and Clark, 1996). Most investigators replaced either the fine or 
coarse aggregates in the concrete mixes partially or wholly by volume of rubber 
aggregate. 
 
3.2.3 Cement  
 
Ordinary Portland Cement (OPC) was used in concrete mixes in all of the 
investigations (Ali et al., 1993; Rostami et al., 1993; Eldin and Senouci, 1993; Topcu, 
1995; Fattuhi and Clark, 1996; Khatib and Bayomy, 1999). The reason for using 
Ordinary Portland Cement in their investigations is that this is by far the most common 
cement in use and is highly suitable for use in general concrete construction when 
there is no exposure to sulphates in the soil or groundwater (Neville, 1997).  
 
Concrete mixes containing pulverised fuel ash (PFA) were also used by Rostami et al. 
(1993) and Fattuhi and Clark (1996). However, they restricted the ratio of PFA to 
cement in the concrete to about 0.11 and 2.33 by mass respectively. According to 
Fattuhi and Clark (1996), the objective in using PFA was to reduce cost by adding 
another waste product to the concrete mixtures.   
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3.3 Properties of Fresh Rubberised Concrete 
 
Previous investigations have shown that rubberised concrete possesses good 
aesthetics, acceptable workability and a smaller unit weight than that of ordinary 
concrete.  
 
3.3.1 Aesthetics 
 
Eldin and Senouci (1993) reported that rubberised concrete showed good aesthetic 
qualities. The appearance of the finished surfaces was similar to that of ordinary 
concrete and surface finishing was not problematic. However, the authors reported that 
mixes containing a high percentage of larger sized rubber aggregate required more 
work to smooth the finished surface. They also found that the colour of rubberised 
concrete did not differ noticeably from that of ordinary concrete. 
 
3.3.2 Workability 
 
Khatib and Bayomy (1999) investigated the workability of rubberised concrete. They 
observed a decrease in slump with increased rubber aggregate content by total 
aggregate volume. Their results show that for rubber aggregate contents of 40% by 
total aggregate volume, the slump was close to zero and the concrete was not workable 
by hand. Such mixtures had to be compacted using a mechanical vibrator. Mixtures 
containing fine crumb rubber were, however, more workable than mixtures containing 
either coarse rubber aggregate or a combination of crumb rubber and tyre chips.  
 
Eldin and Senouci (1992) reported that in general, the rubberised concrete batches 
showed acceptable performance in terms of ease of handling, placement and finishing. 
However, they found that increasing the size or percentage of rubber aggregate  
decreased the workability of the mix and subsequently caused a reduction in the slump 
values obtained. They also observed that the size of the rubber aggregate and its shape 
(mechanical grinding produces long angular particles) affected the measured slump. 
The slump values of mixes containing long, angular rubber aggregate were lower than  
those for mixes containing round rubber aggregate (cryogenic grindings). Round 
rubber aggregate has a lower surface/volume ratio. Therefore less mortar will be 
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needed to coat the aggregates, leaving more to provide workability. They suggested 
that the angular rubber aggregates form an interlocking structure resisting the normal 
flow of concrete under its own weight; hence these mixes show less fluidity. It is also 
possible that the presence of the steel wires protruding from the tyre chips also 
contributed to the reduction in the workability of the mix. 
 
3.3.3 Concrete Density 
 
The replacement of natural aggregates with rubber aggregates tends to reduce the 
density of the concrete. This reduction is attributable to the lower unit weight of rubber 
aggregate compared to ordinary aggregate. Previous studies have found that the unit 
weight of rubberised concrete mixtures decreases as the percentage of rubber 
aggregate increases. Topcu (1995) included low volumes of rubber aggregate during 
the preparation of the concrete, while Rostami et al. (1993) appeared to use larger 
volumes of rubber aggregate. Their results indicated that concrete densities were 
reduced to 87% and 77% of their original values, respectively, when the maximum 
amounts of rubber aggregate were used in the investigations. Eldin and Senouci (1993) 
reported a reduction in density of up to 25% was observed when ordinary aggregate 
was replaced by coarse rubber aggregate. Li et al. (1998) found that the density of 
rubberised concrete was reduced by around 10% when sand was replaced by crumb 
rubber to the amount of 33% by volume. 
 
3.3.4 Air Content 
 
Ali et al. (1993) reported that when rubber aggregate was added to the concrete, the air 
content increased considerably (up to 14%). Fedroff et al. (1996) and Khatib and 
Bayomy (1999) observed that the air content increased in rubberised concrete mixtures 
with increasing amounts of rubber aggregate. Although no air-entraining agent (AEA) 
was used in the rubberised concrete mixtures, higher air contents were measured as 
compared to control mixtures made with an AEA (Fedroff et al., 1996).  
 
The higher air content of rubberised concrete mixtures may be due to the non-polar 
nature of rubber aggregates and their ability to entrap air in their jagged surface 
texture. When non-polar rubber aggregate is added to the concrete mixture, it may 
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attract air as it repels water. This increase in air voids content would certainly produce 
a reduction in concrete strength, as does the presence of air voids in plain concrete.  
 
Since rubber has a specific gravity of 1.14, it can be expected to sink rather than float 
in the fresh concrete mix. However, if air gets trapped in the jagged surface of the 
rubber aggregates, it could cause them to float (Nagdi, 1993). This segregation of 
rubber aggregate particles has been observed in practice. 
 
3.4 Properties of Hardened Rubberised Concrete  
 
Previous investigations of hardened rubberised concrete focussed on concrete strength, 
particularly compressive strength, in relation to the quantity of rubber included in the 
concrete. Some preliminary studies have also been carried out to investigate durability 
issues such as freezing and thawing resistance.  
 
3.4.1 Compressive Strength Testing 
 
Compressive strength tests are widely accepted as the most convenient means of 
quality control of the concrete produced. Generally, two types of compressive test 
specimens are used: cubes and cylinders. Standard cubes of 100 mm are used in UK, 
Germany and many other countries in Europe. Cylindrical specimens of 300 mm high 
and 150 mm in diameter, are the standard specimens used in the United States, France 
and Canada (Murdock et al., 1991). 
 
Various investigators have used different shapes and sizes of test specimens for the 
determination of the compressive strength of the control and rubberised concrete. 
Standard cube specimens were used by Fattuhi and Clark (1996). Cylindrical 
specimens of 75 or 150 mm in diameter were used by Rostami et al. (1993) and Eldin 
and Senouci (1993), respectively. Ali et al., (1993), Toutanji (1996), Li et al., (1998) 
and Segre and Joekes (2000) used 100 mm diameter cylindrical specimens. However, 
Topcu (1995) used 150 mm diameter cylinders and 150 mm cubes. It is generally 
accepted that the compressive strength of ordinary concrete obtained from cube tests is 
higher than that obtained from cylinder tests (Neville, 1997).  
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Only standard cube specimens were used in the present investigation. As shape and 
size of specimens influence the compressive strength of concrete, it is difficult to 
compare the results of various investigations directly. However, reasonable 
comparisons can be made by considering the changes in strength produced by 
incorporating rubber aggregate rather than the actual strength. 
 
3.4.2 Mechanical Strength 
 
Previous investigations have shown that the addition of rubber aggregate into the OPC 
concrete mixture produces a reduction in the mechanical strength of the rubberised 
concrete. It was found that the reduction in concrete strength increased with increasing 
the rubber aggregate volume content. 
 
Eldin and Senouci (1993) conducted experiments to examine the strength and 
toughness of rubberised concrete mixtures. Three sets of experiments were performed, 
the first set using coarse rubber aggregate (chipped tyres) of 19-38 mm size and the 
second and third sets using smaller diameter chips of 6 mm and 2 mm respectively. 
They found that when mixed with cement the rubber aggregate tends to act as a large 
void and did not have a significant role in the resistance to applied external loading. 
The compressive and tensile strengths of the concrete were strongly dependent on the 
volume of rubber aggregate. Reductions in strength of up to 85% of the compressive 
strength and 65% of the tensile were observed when the coarse aggregate was fully 
replaced by rubber aggregate. A smaller reduction in compressive strength (65%) was 
observed when sand was fully replaced by fine crumb rubber. Concrete containing 
rubber aggregate did not exhibit brittle failure under compression or split tension and 
was able to absorb a significant amount of plastic energy. The authors suggested that 
there is good potential for using recycled rubber in OPC concrete mixtures because the 
rubber increases the fracture toughness. 
 
Topcu (1995) reported that a general reduction in the physical and mechanical 
properties of rubberised concrete made by using scrap tyres was observed. About 50% 
decrease in cylinder and cube compressive strengths, 64% decrease in tensile strengths 
was observed in concrete mixed with fine rubber aggregate. On the other hand, using 
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coarse rubber aggregate caused decreases up to 60% in cylinder compressive strengths 
and up to 80% in cube strength and up to 74% in tensile strength. 
 
Toutanji (1996) conducted experiments to investigate the effect of the replacement of 
coarse aggregate by rubber aggregate. Four different contents of rubber aggregate with 
a maximum size of 12.7 mm were used to replace the coarse aggregate at 25, 50, 75 
and 100% by volume. He discovered that the incorporation of the rubber aggregates in 
concrete produced a reduction in compressive strength of up to 75% and a 
significantly smaller reduction in flexural strength of up to 35%. The reduction in both 
strengths increased with increasing the rubber aggregate content. He observed that the 
specimens containing rubber aggregate exhibited a ductile mode of failure as 
compared to the control specimens.  
 
Khatib and Bayomy (1999) used two types of rubber aggregate in their investigation, 
crumb rubber and tyre chips (coarse rubber aggregate). They found that the 28 days 
compressive strength of rubberised concrete mixtures was reduced by 93% when 
coarse aggregate was fully replaced by tyre chips and by 90% when fine aggregate 
was fully replaced by rubber crumb. They also found that the flexural strength of 
rubberised concrete decreased with increasing rubber aggregate content in a manner 
similar to that observed for the compressive strength. However, they noticed that the 
initial rate of flexural strength reduction was steeper than that of the compressive 
strength. 
 
3.4.3 Effect of Surface Texture of Rubber Aggregate 
 
Various studies have suggested that the rougher the rubber aggregate used in concrete 
mixtures the better the bonding developed between the particles and the surrounding 
matrix, and therefore the higher the compressive strength achieved. Tantala et al. 
(1996) argued that if the bond between rubber aggregate and the surrounding cement 
paste is improved, then significantly higher compressive strength of rubberised 
concrete could be obtained and to achieve enhanced adhesion, it is necessary to 
pretreat the rubber aggregate. However, Segre and Joekes (2000) suggested that low 
cost procedures and reagents should be applied in the process of surface treatment of 
rubber aggregate to minimise the final cost of the material. 
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Pre-treatments vary from washing rubber aggregate with water to acid etching, plasma 
pre-treatment and various coupling agents (Tantala et al., 1996). The acid pre-
treatment involves soaking the rubber aggregate in an acid solution for 5 minutes and 
then rinsing it with water. As observed through a microscope, the pre-treatment of 
rubber aggregate with acid increased the surface roughness of rubber, which improves 
its attachment to the cement paste. 
 
Rostami et al. (1993) attempted to clean the rubber using water, water and carbon 
tetrachloride (CCL4) solvent and water and a latex admixture cleaner. Results show 
that concrete containing washed rubber aggregate achieved about 16% higher 
compressive strength than concrete containing untreated rubber aggregates. A much 
larger improvement in compressive strength (about 57%) was obtained when rubber 
aggregates treated with CCL4 were used. 
 
Li et al. (1998) employed two coating methods: coating with cement paste and coating 
with Methocel cellulose ether solution, a water-soluble polymer derived from 
cellulose.  However, it was found that, although coating the rubber aggregate with 
cement paste can increase the compressive strength of the mixture by 30%, little 
improvement in flexural strength was observed compared with rubberised concrete 
containing plain rubber aggregate. Little improvement was observed when using 
rubber aggregate coated with Methocel. The use of Methocel reduced the compaction 
of the fresh concrete due to the high viscosity of the rubberised solution. This coating 
might also hinder the further hydration of the cement during curing and thus further 
affect the strength of the concrete. 
 
Segre and Joekes (2000) surface-treated rubber aggregates with saturated sodium 
hydroxide (NAOH) aqueous solution for 20 minutes at room temperature. Abrasion 
resistance experiments were performed with test specimens containing plain rubber 
aggregate or NAOH-treated rubber. The results show that the mass loss of specimens 
containing NAOH-treated rubber was significantly lower than that of the specimens 
containing plain rubber aggregate. According to the authors, these results show the 
increased adhesion obtained by treatment of the rubber aggregate. 
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3.4.4 Effect of Using Special Cements 
 
A study conducted by Biel and Lee (1996) suggests that the type of cement used in the 
rubberised concrete mixtures greatly affects the mechanical strength. Recycled tyre 
rubber aggregates were used in concrete mixtures made with both Magnesium 
Oxychloride Cement (MOC) and Ordinary Portland Cement (OPC). The percentage of 
fine aggregate substitution ranged from 0 to 90%, increasing by 15% for each set. It 
was observed that 90% loss of the compressive strength occurred for both the OPC 
rubberised concrete and MOC rubberised concrete when rubber replaced 90% of the 
fine aggregate (25% of the total aggregate). Whether with or without rubber aggregate 
inclusion, the MOC concrete exhibited approximately 2.5 times the compressive 
strength of the OPC concrete. The OPC concrete samples containing 25% of rubber by 
total aggregate volume retained 20% of their splitting tensile strength after initial 
failure, whereas the MOC concrete samples with similar rubber content retained 34% 
of their splitting tensile strength after initial failure. The ratio of the MOC rubberised 
concrete tensile strength to OPC rubberised concrete tensile strength rose from 1.6 to 
2.8 with increased amounts of rubber. They argued that the high-strength and bonding 
characteristics provided by Magnesium Oxychloride Cement greatly improved the 
performance of rubberised concrete mixtures and that structural applications could be 
possible if the rubber content is limited to 17% by total volume of the aggregate. 
 
3.4.5 Toughness and Failure Mode 
 
Although the reduction in strength of rubberised concrete may limit their use in some 
structural applications, previous investigators have suggested that rubberised concrete 
exhibits enhanced toughness and a less brittle failure mode. Eldin and Senouci (1993) 
showed that when loaded in compression, specimens containing rubber did not exhibit 
brittle failure. A more gradual failure was observed, either of a splitting (for coarse 
rubber aggregate) or a shear mode (for fine crumb rubber). It was argued that since the 
cement paste is much weaker in tension than in compression, the rubberised concrete 
specimen containing coarse rubber aggregate would start failing in tension before it 
reaches its compression limit. The generated tensile stress concentrations at the top 
and bottom of the rubber aggregate result in many tensile microcracks that form along 
the tested specimen. These microcracks will rapidly propagate in the cement paste 
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until they encounter a rubber aggregate particle. Because of their ability to withstand 
large tensile deformations, the rubber aggregate will act as springs delaying the 
widening of cracks and preventing full disintegration of the concrete mass. The 
continuous application of the compressive load will cause generation of more cracks 
as well as widening of existing ones. During this process, the failing specimen is 
capable of absorbing significant plastic energy and withstanding large deformations 
without full disintegration. This process will continue until the stresses overcome the 
bond between the cement paste and the rubber aggregates. Similar observations were 
made by Khatib and Bayomy (1999). 
 
In another experimental study conducted by Goulias and Ali (1997), it was found that 
the dynamic moduli of elasticity and rigidity decreased with an increase in the rubber 
content, indicating that a less stiff and less brittle material was obtained. The damping 
capacity of concrete (a measure of the ability of the material to decrease the amplitude 
of free vibrations in its body) seemed to decrease with an increase in the rubber 
content. Conversely, Topcu and Avcular (1997) and Fatuhi and Clark (1996) 
recommended using rubberised concrete in circumstances where vibration damping is 
required, such as in buildings as an earthquake shock-wave absorber, in foundation 
pads for machinery and in railway stations. Results of Poisson’s ratio measurements 
indicated that cylinders with 20% rubber had a larger ratio of lateral strain to the 
corresponding axial strain than that of 30% rubberised concrete cylinders (Goulias and 
Ali, 1997). It was also found (Goulias and Ali, 1997) that the higher the rubber 
aggregate content, the higher the ratio of the dynamic modulus of elasticity to the 
static modulus of elasticity. The dynamic modulus was then related to compressive 
strength providing a high degree of correlation between the two parameters. This 
suggests that non-destructive measurements of the dynamic modulus of elasticity may 
be used for estimating the compressive strength of rubberised concrete. A good 
correlation between compressive strength and the damping coefficient calculated from 
transverse frequency was also found, indicating that the damping coefficient of 
rubberised concrete may likewise be used for predicting the compressive strength. 
 
Tantala et al. (1996) conducted a comparative study of the toughness of a control 
concrete and rubberised concrete with 5 and 10% buff rubber by volume of coarse 
aggregate. It was found that the toughness of both rubberised concrete mixtures was 
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higher than that of the ordinary concrete. However, the toughness of the rubberised 
concrete with 10% buff rubber was lower than that of the rubberised concrete with 5% 
buff rubber because of the decreasing ultimate compressive strength. They also found 
that acid etching of rubber aggregate replacing the coarse aggregate lowered the 
toughness of rubberised concrete. Results by Topcu and Ozcelikors (1991) show that 
10% rubber-chip addition increased the toughness of concrete by 23%. 
 
3.4.6 Impact Resistance, Heat and Sound Insulation 
 
According to Topcu and Avcular (1997), the impact resistance of concrete increased 
when rubber aggregates were added to the mixture. It was argued that this increased 
resistance was derived from an increase ability of the material to absorb energy and 
insulate sound during impact (Eldin and Senouci, 1993; Topcu, 1995; Rad, 1976; 
Acar, 1987). The increase was more pronounced in concrete samples containing 
larger-size rubber aggregates.  
 
It can be expected that acoustic testing would substantiate the applicability of 
rubberised concrete for sound barriers to reduce the effects of acoustic emissions 
(Tantala et al., 1996). Wisconsin and Pennsylvania Departments of Transportation 
(DOTs) have studied the noise-absorption properties of whole rubber tyres as sound 
barriers with moderate success (Tantala et al., 1996). More research is required to 
study the sound insulation effects of rubberised concrete in buildings and other 
structures.  
 
The inclusion of rubber in concrete should also make the material a better thermal 
insulator, as suggested by Tantala et al. (1996), which if demonstrated could be very 
useful for meeting energy conservation requirements. However, there are currently no 
projects reported in the literature which investigate this possibility. In addition, fire 
tests carried out by Topcu and Avcular (1997) indicated that the flammability of 
rubber in rubberised concrete mixtures was much reduced by the presence of cement 
and aggregates. Although more testing is needed, it is believed that the fire resistance 
of rubberised concrete is satisfactory. 
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3.5 Summary 
 
The previous studies have shown that the inclusion of rubber aggregate in concrete as 
a full or partial replacement for natural aggregates reduces the compressive strength of 
the concrete. These studies also indicate that the mechanical strength of rubberised 
concrete is greatly affected by the size, proportion and surface texture of the rubber 
aggregate and the type of cement used. This strength reduction can be expected 
primarily because rubber aggregate is much softer (elastically deformable) than the 
surrounding cement paste. Secondly, the bonding between the rubber aggregate and 
the cement paste is highly likely to be weak, so that soft rubber aggregate may be 
viewed as voids in the concrete mix. It has also been recognised that, in general, the 
strength of concrete depends greatly on the density, size and hardness of the coarse 
aggregate. 
 
Consequently it was decided that in the present study, the proportion of rubber 
aggregate in the concrete should be restricted to prevent too great a loss in 
compressive strength. This should at least allow rubberised concrete to be used in non-
primary structural applications such as blockwork where the strength requirements are 
less stringent. In these circumstances it is also important to investigate the potential for 
enhancing relevant properties in certain applications by using rubber aggregate. The 
possibilities include reduced weight, enhanced toughness and increased ductility, and 
improved acoustic and thermal insulation. 
 
Another important consideration is the ability to produce cost effective products. 
Previous studies have investigated the use of special cements and surface treatment of 
rubber aggregate particles to improve the compressive strength of the concrete. The 
results of the latter have been mixed with some additives having a beneficial effect on 
concrete strength. However, there is no doubt that use of additives and surface 
treatment processes will significantly increase the production costs of rubberised 
concrete and thereby discourage the use of the material. 
 
In addition, the previous studies have shown that the workability of concrete 
containing rubber aggregate is reduced. This could affect the method of preparation of 
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concrete samples and products and requires further study during the present 
investigation. 
 
In the present study, it was therefore decided to concentrate on developing the most 
straightforward mix design and preparation techniques to produce rubberised concrete 
with acceptable properties in the fresh and hardened states. The effect of coating the 
aggregate particles with cement paste was investigated as a potentially simple method 
of improving the performance of the material, thereby avoiding the use of additional or 
costly additives which may adversely affect the production costs. 
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4.0 Rubberised Concrete Mix Design 
 
The aim of the study was to produce rubberised concrete with sufficient strength to be 
used in a variety of structural applications. A 40 MPa target compressive strength was 
used to design the control mixes, and the mixes were designed according to BS 5328 
and Design of Normal Concrete Mixes (1975). In this section, details of the concrete 
mix designs are given as well as the results of workability testing of the fresh mixes.  
 
4.1 Materials 
 
The materials used to develop the concrete mixes in this study were fine aggregate, 
coarse aggregate, rubber aggregate and cement.  
 
Cement 
BS 12 Ordinary Portland Cement was used throughout the investigation.  
 
Aggregate 
i.) Fine aggregate 
Sand of 2.8 specific gravity from Springbank Quarry was used. The sand was 
air-dried in the laboratory. 
 
ii.) Coarse aggregate 
20 mm and 10 mm crushed gravel of 2.69 specific gravity from the same 
source were used. The coarse aggregate was of irregular shape. The gravel 
were air-dried in the laboratory and stored in large bins prior to batching. 
 
iii.) Rubber aggregate 
Coarse rubber aggregate (tyre chips) of 20 mm maximum size was used in this 
investigation. The shape of the rubber aggregate was long and angular with a 
specific gravity of 1.14. The rubber aggregate used was provided by the 
Charles Lawrence Group, UK. 
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4.2 Concrete Mix Design 
 
Concrete without rubber aggregate was used as the control concrete. Four mixes were 
designed with a targeted compressive strength of 40 MPa and the design was carried 
out according to BS 5328 and Design of Normal Concrete Mixes (1975). The mix 
proportions vary in each case, specifically the water/cement ratio and the proportions 
of 10 mm and 20 mm aggregate. 
 
The mixture proportions of the basic ingredients i.e. cement, water, coarse aggregate 
and fine aggregate, were the same for the control concrete and rubberised concrete. 
Four control mix designs, A, B, C and D were prepared for this investigation. For 
Mixes A and C, the mix ratio of cement: fine: coarse: water = 1:1.42:3.31:0.55. 
Likewise, for Mixes B and D, the mix ratio of cement: fine: coarse: water = 
1:1.20:2.80:0.48. Coarse aggregate of 20 mm maximum size was used in Mixes A and 
B. 10 mm and 20 mm coarse aggregate with a mix ratio of 1:2 were used in Mixes C 
and D.  
 
Table 4.1 shows the quantities of the constituents of the four control mix designs, A, 
B, C and D, for one cubic metre of concrete. Each of the control mixes formed the 
basic preparation of two groups of rubberised concrete mixes, groups C and P. For 
group C, the coarse aggregate of the control mix was replaced by rubber aggregate 
coated with cement paste. For group P, the coarse aggregate of the control mix was 
replaced by plain rubber aggregate. For each group, three batches were made in which 
the 20 mm coarse aggregate was replaced by rubber aggregate at 10, 25 and 50% by 
volume of 20 mm aggregate. No mineral or chemical admixtures were added. Table 
4.2 summarises the rubber contents for rubberised concrete mixes. 
 
After carrying out an initial testing programme, including workability and mechanical 
strength tests, it was found that the Mix D rubberised concrete mixes performed best 
across the range tests carried out. This mix was then subjected to more detailed 
investigation, including further repeated testing to improve the accuracy of the test 
data. 
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Table 4.1  Mix proportions of the control mixes 
Mix Proportions (kg/m3) Materials 
A 
(w/c:0.55) 
B 
(w/c:0.48) 
C 
(w/c:0.55) 
D 
(w/c:0.48) 
BS 12 Ordinary Portland Cement 382 438 382 438 
Water 210 210 210 210 
Fine aggregate (grade 3) 543 526 543 526 
Coarse aggregate (10mm crushed) - - 422 409 
Coarse aggregate (20mm crushed) 1266 1227 844 818 
 
 
Table 4.2  Summary of rubber contents for rubberised concrete mixes 
Mixes Group Specimen coding % of rubber 
AC10 10 
AC25 25 
C 
AC50 50 
AP10 10 
AP25 25 
P 
AP50 50 
A 
(w/c:0.55) 
Control A 0 
BC10 10 
BC25 25 
C 
BC50 50 
BP10 10 
BP25 25 
P 
BP50 50 
B 
(w/c:0.48) 
Control B 0 
CC10 10 
CC25 25 
C 
CC50 50 
CP10 10 
CP25 25 
P 
CP50 50 
C 
(w/c:0.55) 
Control C 0 
DC10 10 
DC25 25 
C 
DC50 50 
DP10 10 
DP25 25 
P 
DP50 50 
D 
(w/c:0.48) 
Control D 0 
Note: The mixes are coded as follows: XYZZ. Where X is the mix, Y is the type of rubber 
aggregate used i.e. C signifies rubber aggregate coated with cement paste and P signifies 
plain rubber aggregate. The digits ZZ is the percentage of rubber aggregate used in the 
mix.  
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4.3 Mix Preparation 
 
Rubber aggregates coated with cement paste were produced as follows. The rubber 
aggregates were first immersed in water for 24 hours until all particles were fully 
saturated (wetted both inside and surface). The plain rubber aggregate was then taken 
to the saturated surface dry (SSD) condition by spreading them in a thin layer on a  
wooden board and leaving them to air-dry for 24 hours. In this condition, the rubber 
aggregate can absorb no more water without a film of water forming on the surface, 
thus requiring no alteration to the quantity of mixing water (Murdock et al. 1991). The 
rubber aggregates were then thoroughly coated with a thin layer of cement paste, a 
mixture of cement powder and water. The coated rubber aggregates were then air-
dried by spreading them on a wooden board for about 24 hours. The rubber aggregate 
particles, plain and coated with cement paste, are shown in Figure 4.1. 
 
All mixtures were mixed in a conventional blade-type mixer. Mixing procedures were 
the same for all of the concrete mixes. As for the rubberised concrete mixtures, the 
coarse and fine aggregate and cement were loaded in the mixer prior to the addition of 
rubber aggregate and mixed for 3-5 minutes. Rubber aggregate was then added 
gradually to the mix for a period of 2 minutes to allow the rubber aggregates to mix 
thoroughly. Water was then added gradually to the mix for a period of 2 minutes and 
followed by mixing for 5 minutes to produce a uniform mix. 
  
Standard 100 mm cubes, cylinders (100 mm diameter x 200 mm long) and beams (100 
mm x 100 mm x 500 mm) specimens were prepared for compressive strength, splitting 
tensile strength and flexural strength respectively. Moulds were filled with fresh 
concrete in two layers and vibrated on a vibrating table to drive out air trapped in the 
mix. The time of vibration was judged by the visual appearance of individual mixes to 
ensure full compaction. 
 
Immediately after casting, the specimens were covered with a polythene sheet to 
prevent water evaporation. The specimens were then demoulded 24 hours later and 
cured in a water tank at a constant temperature of 200C in accordance with BS 1881-
111:1983. 
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(a)  20mm plain rubber aggregate 
 
(b) 20mm rubber aggregate coated with cement paste 
 
Figure 4.1  20 mm rubber aggregate particles 
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4.3 Workability Tests 
 
Three tests were conducted to assess the workability of the fresh plain concrete and the 
concrete containing rubber aggregates. The three workability tests are the slump test, 
Vebe test and compacting factor test. 
 
4.3.1 Slump and Vebe Tests 
 
The slump and Vebe tests are both carried out in the Vebe consistometer, in 
accordance with BS 1881-102:1983 for the slump test and BS 1881-104:1983 for the 
Vebe test. The mould for the slump test is in the form of a frustum of a cone, which is 
placed inside a hollow cylinder on the top of a vibrating table, in which at this stage is 
not switched on. The mould is filled in three equal layers and each layer is tamped 25 
times with a tamping rod. Surplus concrete above the top edge of the mould is struck 
off with the tamping rod. The cone is immediately lifted vertically and the amount by 
which the concrete sample slumps is measured. The value of the slump is obtained 
from the distance between the underside of the round tamping bar and the highest 
point on the surface of the slumped concrete sample. The types of slump i.e. zero, true, 
shear or collapsed are then recorded.  
 
The Vebe test was conducted after the slump value was measured. The transparent 
plate, which just fits inside the cylinder and can be dropped vertically under its own 
weight, is placed gently on the top edge of the slumped concrete. The vibrating table is 
then switched on and under the action of vibration and the weight of the transparent 
plate, the slumped concrete remoulds itself into the shape of the cylinder. The Vebe 
time, t, is then recorded, which is the time taken from the start of vibration until the 
underside of the disc is entirely in contact with concrete. 
 
4.3.2 Compacting Factor Test 
 
The compacting factor test was conducted with accordance to BS 1881-103:1983, 
using the apparatus, which consists of a column supporting two funnel-shaped hoppers 
mounted above each other. Each of the hoppers is fitted with a quick-release trap door. 
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The top hopper is filled with the fresh concrete sample. The trap door of the upper 
hopper is then opened to allow the concrete to fall into the lower one. The trap door of 
the lower hopper is then opened to allow the concrete to fall into the cylinder. Surplus 
concrete is removed and the cylinder is weighed and recorded as mass mp. 
 
After weighing, the cylinder is vibrated and fresh concrete is added to ensure that the 
cylinder has been filled flush with its top edge by the fully compacted concrete. The 
fully compacted concrete is weighed and recorded as the mass mf. The Compacting 
Factor is given as follows: 
Compacting factor, CF = mp/mf 
 
4.3.3 Workability Test Results 
 
As mentioned previously, the Mix D rubberised concrete mixes performed best across 
the range of tests carried out during the experimental programme and was therefore 
subjected to further workability tests, although the workability results reported here 
are similar for all mixes. 
 
The test results of the three workability tests for Mix D for control and rubberised 
concrete are summarised in Table 4.3. The workability of the control mixes was in the 
medium to high range, as expected. In general, the rubberised concrete samples 
showed acceptable workability in terms of ease of handling, trowelling, placement and 
finishing. Nevertheless, the results show that increasing the percentage of rubber 
aggregate reduces the workability of the concrete, with a rubber content of 50% 
producing a zero slump value, higher Vebe time and a lower compacting factor. The 
reduction in the workability of the concrete can be attributed to a combination of the 
lower unit weight of the wet mix and higher friction between the rubber aggregate and 
the mixture due the rough surface texture of the rubber aggregate particles.  
 
Rubberised concrete samples can be finished to the same standard as the plain concrete 
without any difficulties. However, mixes containing higher rubber aggregate content 
required more effort and work to smooth the finished surface. 
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Table 4.3  Summary of the workability tests results 
Slump test Compacting factor Samples 
Slump 
(mm) 
Type of 
slump 
Apparent 
workability 
VeBe 
time (s) Compacting 
factor 
Apparent 
workability 
D 55 True Medium 5 0.95 High 
DC10 14 True Low 8 0.91 Medium 
DC25 3 True Very low 10 0.88 Medium 
DC50 0 Zero No slump 26 0.85 low 
DP10 16 True Low 12 0.92 Medium 
DP25 6 True Very low 17 0.90 Medium 
DP50 0 Zero No slump 27 0.87 Low 
 
 
4.4 Unit Weight 
 
The low specific gravity of the rubber chips produced a decrease in the unit weight of 
the rubberised concrete, as shown in Table 4.4. A reduction of unit weight up to 10% 
was observed when 50% by volume of the coarse aggregate was replaced by rubber 
aggregate. 
 
Table 4.4  Unit weights of control concrete and rubberised concrete 
Samples Unit weight (kg/m3) % reduction 
D 2500 0 
DC10 2475 1 
DC25 2425 3 
DC50 2350 6 
DP10 2450 2 
DP25 2375 5 
DP50 2250 10 
 
 
4.5 Summary 
 
In general, rubberised concrete mixes did not pose any difficulties in term of finishing, 
casting, or placement and can be finished to the same standard as plain concrete. 
However, increasing the rubber aggregate content reduces the workability of the mix 
and more effort is required to smooth the finish surface. 
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There is no test which measures directly the workability of concrete so that a 
judgement has to be made concerning the ease of placement and finishing in a 
particular application. The results indicate that due the reduced workability of 
rubberised concrete mixes could adversely affect the preparation and production costs 
of rubberised concrete products. 
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5.0 Mechanical Properties of Rubberised Concrete 
 
This section describes the results of the test programme to establish the mechanical 
properties of the various rubberised concrete mixes detailed in the preceding section. 
In addition to strength testing, abrasion resistance is also investigated, which is an 
important concrete durability test for structures such as concrete floors. 
 
5.1 Test Programme 
 
The following tests were carried out to establish the mechanical properties of 
rubberised concrete: 
¾ Compressive strength, 
¾ Splitting tensile strength, 
¾ Flexural strength, 
¾ Abrasion resistance. 
 
The first three properties were determined using British Standard testing equipment 
and procedures, as outlined below. The abrasion resistance was measured using testing 
equipment and procedures developed for this study. 
 
i.) Compressive strength 
The compressive strengths of concrete specimens were determined after 7 and 
28 days of standard curing. A 2500KN capacity Avery-Denison compression 
testing machine was used for determining the maximum compressive loads 
carried by various cubes. The load was applied at a rate of 14 N/mm2 per 
minute in accordance with the BS 1881-116:1983 test method. 
 
ii.) Splitting tensile strength 
The splitting tensile strengths of concrete specimens were determined after 14 
days of standard curing. The tests were carried out by splitting the cylinders in 
the machine used for compressive testing in accordance with BS 1881-
117:1983. The testing machine is fitted with an extra bearing bar to distribute 
the load along the full length of the cylinder. Hardboard strips, 15 mm wide 
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and 4 mm thick are inserted between the cylinder and the testing machine top 
and bottom bearing surfaces. From the maximum applied load at failure the 
splitting tensile strength is calculated as follows: 
 
where  σ = splitting tensile strength, N/mm2 
           F = maximum applied load in N 
 l  = length of cylinder in mm 
 d = diameter in mm 
 
iii.) Flexural strength 
The flexural strengths of concrete specimens were determined after 7 and 28 
days of standard curing. The beams were tested in the laboratory using an 
Avery Universal Machine Type 1700, which has a capacity of 500KN. The 
load was applied at a rate of 0.16 N/mm2 per second in accordance with the BS 
1881-118:1983 test method. In this test, a load is applied through two rollers at 
the third points of the span until the specimen breaks. Under these conditions, 
the lower surface of the beam is in tension. The beam fails by the growth of a 
crack from the tensile zone through the concrete. Using standard beam 
formulae, the failure stress can be calculated from the beam dimensions and the 
failure load.  
 
5.2 Compressive Strength 
 
The test results are summarised in Tables 5.1 and 5.2 and presented in Figures 5.1 – 
5.4. It can be observed that the 28 day strengths of the four control concrete mixes are 
similar and exceed the target strength. The compressive strengths of mixes C and D 
are slightly higher than A and B, which is probably due to the wider range of 
aggregate sizes in mixes C and D making it possible to compact the concrete with 
slightly lower voids content. 
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For rubberised concrete, the results show that the addition of rubber aggregate resulted 
in a significant reduction in concrete compressive strength compared with the control 
concrete. This reduction increased with increasing percentage of rubber aggregate. 
However, it can also be seen that the compressive strength of rubberised concrete 
containing rubber aggregate coated with cement paste was higher than that of 
rubberised concrete containing plain rubber aggregate. This improvement is quite 
significant at 50% rubber aggregate content. 
 
 
Table 5.1  Compressive strength of rubberised concrete, Mixes A and B 
Mixes 
A (w/c:0.55) B (w/c:0.48) 
Strength (MPa) Strength (MPa) 
Group 
Specimens 
7 days 28 days 
Specimens 
7 days 28 days 
Control A 30 45 B 33 42 
AC10 23 35 BC10 27 39 
AC25 21 29 BC25 22 32 
C 
AC50 16 19 BC50 18 22 
AP10 20 31 BP10 26 29 
AP25 14 25 BP25 19 23 
P 
AP50 7 10 BP50 11 18 
 
 
 
Table 5.2  Compressive strength of rubberised concrete, Mixes C and D 
Mixes 
C (w/c:0.55) D (w/c:0.48) 
Strength (MPa) Strength (MPa) 
Group 
Specimens 
7 days 28 days 
Specimens 
7 days 28 days 
Control C 28 48 D 35 47 
CC10 26 34 DC10 33 46 
CC25 23 32 DC25 28 38 
C 
CC50 14 25 DC50 20 34 
CP10 25 40 DP10 29 39 
CP25 20 30 DP25 22 35 
P 
CP50 12 18 DP50 17 19 
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Figure 5.1  Compressive strength of rubberised concrete containing 
rubber aggregate coated with cement paste of 4 different 
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Figure 5.2  Compressive strength of rubberised concrete containing plain 
rubber aggregate of 4 different mixes at 7 days 
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Figure 5.3  Compressive strength of rubberised concrete containing rubber 
aggregate coated with cement paste of 4 different mixes at 28 
days 
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Figure 5.4  Compressive strength of rubberised concrete containing plain 
rubber aggregate of 4 different mixes at 28 days 
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Tables 5.3 and 5.4 summarise the percentage loss of compressive strength of 
rubberised concrete. The reduction of compressive strength increased with increasing 
volume of rubber aggregate in the mix. As previously mentioned, coating the rubber 
aggregate with cement paste reduces the compressive strength loss of the rubberised 
concrete. Losses of up to 58% (Mix A), 48% (Mix B), 48% (Mix C) and 28% (Mix D) 
were observed when 50% of coarse aggregate was replaced by rubber aggregate 
coated with cement paste. Likewise, for rubberised concrete containing 50% by 
volume of plain rubber aggregate, losses of up to 78% (Mix A), 57% (Mix B), 63% 
(Mix C) and 60% (Mix D) were observed. As shown in the tables, a smaller reduction 
in compressive strength for Mix D was observed as compared to the other mixes. 
 
 
Table 5.3  Percentage loss of compressive strength of rubberised concrete  
Mixes 
A (w/c:0.55) B (w/c:0.48) 
% loss of strength % loss of strength 
Group 
Specimens 
7 days 28 days 
Specimens 
7 days 28 days 
AC10 23 22 BC10 18 07 
AC25 30 36 BC25 33 24 
C 
AC50 50 58 BC50 45 48 
AP10 33 31 BP10 21 31 
AP25 53 44 BP25 42 45 
P 
AP50 77 78 BP50 67 57 
 
 
Table 5.4  Percentage loss of compressive strength of rubberised concrete 
Mixes 
C (w/c:0.55) D (w/c:0.48) 
% loss of strength % loss of strength 
Group 
Specimens 
7 days 28 days 
Specimens 
7 days 28 days 
CC10 7 29 DC10 6 2 
CC25 18 33 DC25 20 19 
C 
CC50 50 48 DC50 43 28 
CP10 11 17 DC10 17 17 
CP25 40 38 DC25 37 26 
P 
CP50 57 63 DC50 51 60 
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The compressive strength test samples for control and rubberised concrete are shown 
after testing in Figures 5.5 and 5.6, for rubber aggregate coated with cement paste and 
plain rubber aggregate respectively. It can be observed that the rubberised concrete 
does not exhibit typical compression failure behaviour. The presence of rubber 
aggregate tends to hold the sample fragments together at failure. This trend becomes 
more marked as the rubber content increases. 
 
 D   DC10   DC25   DC50 
 
Figure 5.5 Compressive strength test samples for rubberised 
concrete with rubber aggregate coated with cement paste 
 
 
 D   DP10   DP25   DP50 
 
Figure 5.6 Compressive strength test samples for rubberised 
concrete with plain rubber aggregate 
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5.3 Splitting Tensile Strength 
 
The results of the splitting tensile strength tests of the four concrete mixes are 
summarised in Tables 5.5 and 5.6 and presented in Figures 5.7 and 5.8. It can be 
observed that the control mixes gave a wider range of splitting tensile strengths than 
for compressive strength, with Mix A recording a significantly lower strength.  
 
For rubberised concrete, the results show that the splitting tensile strength decreased 
with increasing rubber aggregate content in a similar manner to that observed for the 
compressive strength. However, there was a smaller reduction in splitting tensile 
strength compared to the reduction in the compressive strength. The splitting tensile 
strength of rubberised concrete containing rubber aggregate coated with cement paste 
was also found to be higher than that of rubberised concrete containing plain rubber 
aggregate. 
 
Table 5.5   Splitting tensile strength of rubberised concrete at 14 days 
Mixes 
A (w/c:0.55) B(w/c:0.48) 
Group 
Specimens Strength (MPa) Specimens Strength (MPa)
Control A 2.35 B 3.15 
AC10 2.29 BC10 2.80 
AC25 2.12 BC25 2.16 
C 
AC50 1.88 BC50 1.65 
AP10 2.23 BP10 2.58 
AP25 1.88 BP25 1.75 
P 
AP50 1.11 BP50 1.46 
 
 
 
Table 5.6  Splitting tensile strength of rubberised concrete at 14 days 
Mixes 
C (w/c:0.55) D (w/c:0.48) 
Group 
Specimens Strength (MPa) Specimens Strength (MPa)
Control C 2.86 D 3.28 
CC10 2.58 DC10 2.83 
CC25 2.26 DC25 2.13 
C 
CC50 1.72 DC50 1.97 
CP10 2.39 DP10 2.32 
CP25 2.13 DP25 2.26 
P 
CP50 1.37 DP50 1.69 
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Figure 5.7   Splitting tensile strength of rubberised concrete containing 
rubber aggregate coated with cement paste of 4 different mixes 
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Figure 5.8   Splitting tensile strength of rubberised concrete containing plain 
rubber aggregate of 4 different mixes at 14 days 
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Tables 5.7 and 5.8 summarise the percentage loss of splitting tensile strength of 
rubberised concrete. From these tables, it can be observed that the reductions in 
splitting tensile strength were significantly lower when the rubber aggregate was 
coated with cement paste than for plain rubber aggregate. Losses of up to 20% (Mix 
A), 48% (Mix B), 40% (Mix C) and 40% (Mix D) were observed when 50% of coarse 
aggregate was replaced by rubber aggregate coated with cement paste. Likewise, for 
rubberised concrete containing 50% by volume of plain rubber aggregate, losses of up 
to 53% (Mix A), 54% (Mix B), 52% (Mix C) and 48% (Mix D) were observed. 
 
As shown in the tables, the splitting tensile strength of rubberised concrete of Mix D 
was higher than the other three mixes. However, Mix A gave the smallest reduction in 
splitting tensile strength with the addition of rubber aggregate, although this may be 
due to the relatively low strength of the control mix.  
 
 
Table 5.7  Percentage loss of splitting tensile strength of rubberised concrete 
Mixes 
A (w/c:0.55) B (w/c:0.48) 
Group 
Specimens % loss of strength Specimens % loss of strength 
AC10 3 BC10 11 
AC25 10 BC25 31 
C 
AC50 20 BC50 48 
AP10 5 BP10 18 
AP25 20 BP25 44 
P 
AP50 53 BP50 54 
 
 
 
Table 5.8  Percentage loss of splitting tensile strength of rubberised concrete 
Mixes 
C (w/c:0.55) D (w/c:0.48) 
Group 
Specimens % loss of strength Specimens % loss of strength 
CC10 10 DC10 14 
CC25 21 DC25 35 
C 
CC50 40 DC50 40 
CP10 16 DP10 29 
CP25 26 DP25 31 
P 
CP50 52 DP50 48 
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The splitting tensile strength test samples for control and rubberised concrete are 
shown after testing in Figure 5.9. It can be observed that, as for the compressive 
strength tests, the rubberised concrete does not exhibit typical compression failure 
behaviour. The control concrete shows a clean split of the sample into two halves, 
whereas the rubber aggregate tends to produce a less well defined failure. 
 
(a)  Control concrete 
 
(b)  Rubberised concrete 
 
Figure 5.9 Splitting tensile strength samples for control concrete 
and rubberised concrete 
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5.4 Flexural Strength 
 
The test results of flexural strength of Mix D are summarised in Table 5.9 and 
presented in Figures 5.10 and 5.11 for aggregate coated with cement paste and plain 
rubber aggregate respectively. Mix D was chosen for the flexural strength testing due 
to its better performance as rubberised concrete in the preceding strength tests 
compared to the other mixes. 
 
The results show that the flexural strength increased compared to the control mix for 
rubber aggregate contents up to 25%. In addition, the flexural strength of rubberised 
concrete containing rubber aggregate coated with cement paste was found to be higher 
than that of rubberised concrete containing plain rubber aggregate. For rubber 
aggregate contents of 50% a flexural strength reduction is observed compared to the 
control mix, indicating that improvements in flexural strength are limited to relatively 
small rubber aggregate contents.  
 
The flexural strength samples for control and rubberised concrete are shown in Figure 
5.12. The figures show clearly the development of cracking from the tension zone in 
the lower portion of the beam. 
 
Table 5.9  Flexural strength of rubberised concrete 
Mix D (w/c:0.48) 
Strength (MPa) 
Group 
Specimen 
7 days 28 days 
Control D 5.20 5.14 
DC10 5.90 7.36 
DC25 5.86 6.24 
C 
DC50 5.22 4.45 
DP10 5.66 6.16 
DP25 5.14 5.85 
P 
DP50 4.10 4.39 
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Figure 5.10 Flexural strength of rubberised concrete 
containing rubber aggregate coated with 
cement paste (Mix D)
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Figure 5.11 Flexural strength of rubberised concrete 
containing plain rubber aggregates (Mix D) 
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(a)  Flexural strength testing of concrete beam 
(b)  Failure of control concrete beam 
(c)  Failure of rubberised concrete beam 
 
Figure 5.12 Flexural strength testing of control and rubberised concrete beams 
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5.5 Discussion of Strength Test Results 
 
It is evident from the test results that adding rubber aggregate into Ordinary Portland 
Cement concrete has a marked effect on the strength properties of the concrete, 
specifically a significant reduction in the compressive and splitting tensile strength. 
Following the test programme described above, a further series of repeat strength tests 
were performed on Mix D in order to improve the accuracy of the test data. A 
minimum of ten batches were tested for compressive strength for each sample type. 
The results are shown in Table 5.10. It can be observed that the differences between 
this data and the results given previously in Tables 5.2, 5.6 and 5.9 are insignificant. 
The Relative Strength, SR, is defined as the ratio of the strength of the rubberised 
concrete mixture to the strength of the control mix.  
 
Table 5.10  Summary of the strength test results for Mix D 
Compressive strength (MPa) Splitting tensile 
strength (MPa) 
Flexural strength 
(MPa) 
Samples 
Average 
strength 
Standard 
deviation 
Relative 
strength, 
SR 
Strength Relative 
strength, 
SR 
Strength Relative 
strength, 
SR 
A 50 4.48 1.00 3.28 1.00 5.20 1.00 
AC10 44 3.66 0.86 2.83 0.86 7.36 1.42 
AC25 35 3.65 0.68 2.26 0.69 6.24 1.20 
AC50 32 2.61 0.63 1.97 0.60 4.45 0.86 
AP10 41 4.38 0.80 2.32 0.71 6.16 1.18 
AP25 32 2.38 0.63 2.13 0.65 5.85 1.13 
AP50 23 3.24 0.45 1.69 0.52 4.36 0.84 
 
 
The Relative Strength, SR, can be used to quantify changes in the concrete strength in 
comparison to the control concrete. However these values are specific to the present 
study. An attempt has been made to compare the results of the present study with those 
of previous investigations by determining the values of SR for the relevant test data of 
other authors. It should be noted that as different studies use a different basis for 
aggregate replacement and different rubber aggregate sizes, the only valid comparison 
which can be reasonably made is to determine the rubber content by total concrete 
volume. The results of the comparison are shown in Figures 5.12(a) and 5.12(b) for 
compressive strength and flexural strength respectively. 
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(a)  Compressive strength 
 
(b)  Flexural strength 
 
Figure 5.12 Relationship between Relative Strength, SR, and rubber 
content by total volume, for Mix D 
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It can be seen from Figure 5.12(a) that for compressive strength, the results of the 
present study are consistent with those of previous investigations with the exception of 
Khatib and Bayomy (1999), which showed a much greater strength reduction. It 
should be noted that different initial target strengths were used by the various 
investigators which may influence the relationship between Relative Strength and 
rubber content. Coating the rubber aggregate particles with cement paste produced the 
lowest strength reduction at higher rubber contents. The trend of the data suggests that 
it may be possible to increase the rubber content further without too great a reduction 
in compressive strength. 
 
The comparisons for flexural strength in Figure 5.12(b) show a much greater disparity 
with previous investigations since these studies produced a reduction in flexural 
strength, even at low rubber contents. Khatib and Bayomy (1999) considered the very 
low flexural strengths obtained to be due to weak bonding between the cement paste 
and rubber particles. However in the present study, the use of plain rubber aggregate 
still produced a flexural strength increase at low rubber contents. The reason for the 
large variation in flexural strength is unclear and difficult to ascertain on the basis of 
the published data. Despite this disparity, the test results suggest further investigation 
of the possibility of increased flexural strength is worthwhile due to the potential 
benefits in applications such as composite construction. 
 
5.6 Abrasion Resistance 
 
The abrasion resistance of concrete surfaces is of great importance, particularly for 
concrete floors in an industrial context where they are subjected to wear from a variety 
of sources such as impact loading and abrasion from heavily loaded, steel-wheeled 
vehicles. Failures can cause considerable disruption and high repair costs. The 
measurement of abrasion resistance is not straightforward and there is no standard test 
method. The abrasion resistance required for a concrete floor will depend upon its 
usage, and a minimum standard is normally required to be met based upon a 
classification system, such as that contained in BS 8204-2:2002. The classification 
depends upon the service conditions, ranging from floors subjected to light pedestrian 
traffic up to floors subjected to steel-wheeled vehicles under severe abrasive 
conditions. 
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In order to investigate the abrasion resistance of rubberised concrete floors, it was 
decided to carry out comparative testing of specimens of concrete floor containing a 
range of rubber contents under severe abrasion conditions. The rubber aggregate 
content varied from 0 – 50% coarse aggregate replacement, as in the previous strength 
testing. The principle of the test is to measure the mean depth of wear caused by the 
passage of steel wheels over the concrete surface for a given load and number of 
passes. The equipment developed for the study and the test procedure is given below. 
It should be noted that under such severe abrasion conditions, a plain concrete floor of 
40 MPa target strength is not considered to be sufficiently abrasion resistant and 
special concrete mixes are often required. 
 
5.6.1 Equipment and Test Procedure 
 
There is no British Standard test available to determine the ability of a concrete 
surface to resist abrasion, although a suitable test is outlined in BS 8204-2:2002 which 
is similar to the test method described below. Therefore, an abrasion-testing machine 
was developed and built in the Structural Laboratory at the University of Strathclyde. 
The test machine consists of three heavily loaded steel wheels rotated under load 
causing wear by rolling, scratching and scrubbing action, as shown in Figure 5.13. The 
wheels are attached to a horizontal triangular metal frame. A drive shaft, which is 
rotated by an electric motor, is attached to the centre of this triangular metal frame in 
such a way that there can be no relative horizontal movement. However, vertical 
movement of the triangular metal frame and wheels is allowed. Weights are mounted 
on the triangular metal frame directly above each wheel. The weight of the total 
applied load can be varied from 15 to 60 kg in increments of 15 kg. The purpose of 
these weights is to minimise the bouncing action of the wheels. There is a tendency for 
the wheels to bounce because of high and low spots in the circular area made by the 
rotating wheels and this tends to cause some gouging. 
 
The electric motor, which has a 0.5 horse power geared motor giving an approximate 
rate of 33 revolutions per minute, is mounted on a portal frame 0.5m wide and 0.5 m 
high. The frame, which in turn is mounted to a base frame resting on the flat surface 
with clamps wielded on four ends of the base frame to prevent any movement caused 
by the working motor. 
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Figure 5.13 The abrasion resistance test machine 
Figure 5.14 Measurement of depth of wear using a micrometer 
 
 55
Timber moulds of 600 x 600 x 50 mm size were used to cast concrete samples, which 
are designed to fit the base frame of the abrasion-testing machine. The abrasion 
resistance of each sample was tested at the age of 28 days. Before testing, ball bearings 
were fixed on the concrete slab at selected points of the track, as shown in Figure 5.14. 
 
The concrete sample was then placed directly on the rigid floor and subjected to 
abrasive action from steel wheels. The test procedure consisted of five test periods of 1 
hour each (i.e. 1800 revolutions) per period. An initial period of three minutes 
abrasion was given to each new track on the specimen in order to remove dust. 
Readings were taken before and after each test period. The concrete dust abraded 
during the test was removed by a vacuum cleaner after completion of each test period 
and before taking readings. At each test period, an average of eight readings was 
taken. A depth gauge was used to take the readings of the actual wear, as shown in 
Figure 5.14. This device consists of a rectangular solid steel bar of 150 mm length 
with two holes of about 6 mm in depth, which are drilled on the underside and at a 
distance of 10 mm from both ends of the bar. The two holes rest on the ball bearings 
while readings are being taken. A micrometer plunger, capable of reading up to 0.01 
mm is mounted on the rectangular steel bar through a third hole drilled in the centre.  
 
Where the steel ball bearings were fixed, readings were taken by mounting the 
rectangular solid steel bar with its holes on to the ball bearings and turning the screw 
of the micrometer until the plunger touched the track surface. The difference of 
readings on the micrometer between the two successive measurements represents the  
amount of wear which had taken place during the 1-hour period of the test.. 
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5.6.2 Abrasion Resistance Test Results 
 
As previously mentioned, the testing carried out compares the abrasion resistance of 
rubberised concrete floor specimens with the abrasion resistance of the control 
concrete. Mix D was used for all concrete specimens. The rubber aggregate content 
varied from 0 – 50% coarse aggregate replacement, and both plain rubber aggregate 
and rubber aggregate coated with cement paste was used. Two specimens were tested 
for each sample type to improve the accuracy of the results. Table 5.11 summarises the 
abrasion resistance test results for Mix D, control and rubberised concrete samples. 
The percentage increase in the depth of wear compared with the control concrete is 
also shown. 
 
Concrete slab specimens after the completion of abrasion testing are shown in Figures 
5.15(a) – (d) for control concrete, 10%, 25% and 50% rubber contents respectively. 
The rubberised concrete samples shown are type DC, which have cement coated 
rubber aggregate particles. In each figure the wheel track and worn concrete surface is 
clearly visible. 
 
The relationship between the depth of wear and the number of revolutions of the 
abrasion machine (i.e. the amount of abrasion) is shown in Figures 5.16(a) and 
5.16(b). Figure 5.16(a) shows the cumulative abrasion for each slab, while Figure 
5.16(b) shows the incremental abrasion occurring during each 1 hour period (i.e. every 
1800 revolutions). 
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Table 5.11  Summary of the abrasion resistance test results for Mix D 
Mix Batch No. of 
revolutions 
Depth of wear 
(mm) during 
each test period 
Cumulative 
depth of 
wear (mm) 
Depth of 
wear (mm) 
after 5 hrs 
Average 
depth of 
wear (mm) 
% increase 
in depth of 
wear 
1800 0.25 0.25 
3600 0.11 0.37 
5400 0.09 0.46 
7200 0.08 0.54 
1 
9000 0.11 0.65 
0.65 
1800 0.28 0.28 
3600 0.08 0.36 
5400 0.08 0.43 
7200 0.10 0.54 
D 
2 
9000 0.09 0.63 
0.63 
0.64 - 
1800 0.22 0.22 
3600 0.18 0.40 
5400 0.17 0.57 
7200 0.18 0.75 
1 
9000 0.16 0.91 
0.91 
1800 0.55 0.55 
3600 0.10 0.65 
5400 0.12 0.77 
7200 0.05 0.82 
DC10 
2 
9000 0.06 0.88 
0.88 
0.90 41 
1800 0.28 0.28 
3600 0.15 0.43 
5400 0.09 0.53 
7200 0.08 0.61 
1 
9000 0.09 0.69 
0.69 
1800 0.39 0.39 
3600 0.07 0.46 
5400 0.04 0.51 
7200 0.08 0.58 
DC25 
2 
9000 0.05 0.64 
0.64 
0.67 5 
1800 0.42 0.42 
3600 0.15 0.57 
5400 0.06 0.63 
7200 0.08 0.71 
1 
9000 0.07 0.78 
0.78 
1800 0.55 0.55 
3600 0.10 0.65 
5400 0.06 0.71 
7200 0.04 0.75 
DC50 
2 
9000 0.04 0.79 
0.79 
0.79 23 
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Table 5.11  (Cont’d.) Summary of the abrasion resistance test results for Mix D 
Mix Batch No. of 
revolutions 
Depth of wear 
(mm) during 
each test period 
Cumulative 
depth of 
wear (mm) 
Depth of 
wear (mm) 
after 5 hrs 
Average 
depth of 
wear (mm) 
% increase 
in depth of 
wear 
1800 0.19 0.19 
3600 0.19 0.38 
5400 0.15 0.53 
7200 0.18 0.71 
1 
9000 0.16 0.87 
0.87 
1800 0.47 0.47 
3600 0.13 0.60 
5400 0.09 0.70 
7200 0.09 0.78 
DP10 
2 
9000 0.07 0.85 
0.85 
0.86 34 
1800 0.50 0.50 
3600 0.16 0.66 
5400 0.05 0.71 
7200 0.11 0.82 
1 
9000 0.08 0.89 
0.89 
1800 0.51 0.51 
3600 0.20 0.71 
5400 0.08 0.79 
7200 0.04 0.83 
DP25 
2 
9000 0.04 0.88 
0.88 
0.89 39 
1800 0.49 0.49 
3600 0.12 0.61 
5400 0.06 0.67 
7200 0.08 0.75 
1 
9000 0.07 0.83 
0.83 
1800 0.44 0.44 
3600 0.07 0.51 
5400 0.07 0.57 
7200 0.09 0.67 
DP50 
2 
9000 0.06 0.73 
0.73 
0.78 22 
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Figure 5.15(a)  Control concrete after abrasion testing 
 
Figure 5.15(b) Concrete with 10% rubber coated aggregate 
(DC10) after abrasion testing 
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Figure 5.15(c) Concrete with 25% rubber coated aggregate 
(DC25) after abrasion testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15(d) Concrete with 50% rubber coated aggregate 
(DC50) after abrasion testing 
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Figure 5.16(a) Cumulative depth of wear against number of 
revolutions for control and rubberised concrete 
 
Figure 5.16(b)  Incremental depth of wear against number of 
revolutions for control and rubberised concrete 
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The abrasion test results show that rubberised concrete exhibits increased depth of 
wear compared with the control concrete. This increase is in the range 4 – 42%. 
However, there is no clear trend of increasing depth of wear with increasing rubber 
content. Instead, the results show a random variation in depth of wear, with little 
difference observed between rubberised concrete with plain rubber aggregate and 
coated rubber aggregate. From Figures 5.16(a) & (b) it can be seen that the rate of 
abrasion is higher initially and decreases to a fairly uniform rate. 
 
This trend is supported by observations made during the test programme. The presence 
of rubber aggregate tended to produce a less uniform finish to the slab, producing 
uneven wear during abrasion testing with the top surface of the rubber aggregate 
particles exposed slightly above the surface, as can be seen in Figures 5.15(c) and (d). 
This effect produced a larger variation in the recorded abrasion compared to the 
control concrete depending on the presence or absence of an exposed rubber aggregate 
particle at the measuring points. Figures 5.17(a) & (b) provide a more detailed analysis 
of the test data for the DC25 and DP25 slabs. The DC25 slab gave the best abrasion 
performance for rubberised concrete while DP25 gave the worst performance. The 
figures show the cumulative abrasion test results for the average of the eight 
measuring points as previously shown in Figures 5.16(a) and (b), but also the average 
for the points where the measurements are taken at the location of a rubber chip, and 
the average at the points where no rubber chip is present. It should be noted that the 
occurrence of a rubber chip at any measuring point is random. It can be seen that there 
is a large difference in the abrasion recorded at locations coincident with a rubber chip 
compared with the other locations. Since the rubber chips tend to float towards the top 
of the slab during preparation, giving an uneven surface, they tend to suffer greater 
abrasion during the initial stages of the test. As the test proceeds, the rate of abrasion 
tends to become similar for all measuring locations. It can be seen that for slab DP25, 
four of the eight measurements were taken at the location of a rubber chip, giving 
much higher average abrasion readings than slab DC25 where only one measurement 
was taken at a rubber chip location. 
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Figure 5.17(a) Cumulative depth of wear against number of 
revolutions for rubberised concrete (DC25) 
 
Figure 5.17(b) Cumulative depth of wear against number of 
revolutions for rubberised concrete (DP25) 
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The behaviour outlined above makes the abrasion test results difficult to interpret for 
rubberised concrete. The lack of a clear trend of increasing depth of wear with 
increasing rubber content is due to the difference in the abrasion behaviour of rubber 
chips compared with plain concrete, the random selection of measuring points and the 
difficulty of producing an level surface finish initially. However, it can be stated that 
rubberised concrete produces increased abrasion wear compared with control concrete 
and uneven wear across the slab. Rubberised concrete floor slabs could be protected 
with a wearing screed of plain concrete, specified in accordance with BS 8204-2:2002. 
However, this would be unattractive in terms of cost. 
 
In terms of the abrasion resistance classifications given in BS 8204-2:2002, the plain 
concrete used in the present investigation was found to be acceptable for moderate 
abrasion service conditions i.e. for light duty industrial and commercial applications. 
including steel-wheeled traffic. For more severe abrasion conditions, a higher strength 
concrete or special concrete mix would be required. It should be noted that there is no 
standard test for abrasion resistance, although recommendations for suitable test 
equipment are given in BS 8204-2:2002. Consequently there are large variations in the 
abrasion resistance measured by different researchers for plain concrete of similar 
strength (Zhou, 2001). The abrasion test is best regarded in the current study as a 
comparative test. 
 
5.7 Summary 
 
In general, rubberised concrete mixes did not pose any difficulties in term of finishing, 
casting, or placement and can be finished close to the same standard as plain concrete. 
However, increasing the rubber aggregate content reduces the workability of the mix 
and more effort is required to smooth the finish surface. 
 
The results of the present investigation and previous investigations show clearly that 
the use of rubber aggregate in OPC concrete mixes produces a marked reduction in 
concrete compressive strength. However, if the amount of rubber in the concrete is 
limited, a normal strength concrete can still be produced with potential uses in non-
primary structural applications. This restriction may limit the volume of tyres which 
can be recycled in this way. However, there is potential for producing materials and 
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products with enhanced properties, such as improved flexural strength and reduced 
weight. In the present study, it was observed that the flexural strength of rubberised 
concrete with relatively low rubber aggregate content (10% and 25% of 20mm 
aggregate replaced with rubber aggregate) was higher than that of plain concrete. 
However, the flexural strength results show a much greater disparity with previous 
investigations than for compressive strength, for reasons which are unclear from the 
published data. Further investigation of the flexural strength of rubberised concrete 
would be beneficial in explaining these discrepancies. 
 
The reason for the reduction in concrete compressive strength can be explained by 
considering the very different mechanical properties of mineral aggregates and rubber 
aggregates. Mineral aggregates usually have high crushing strength and are relatively 
incompressible, whereas rubber aggregates are ductile, compressible and resilient. 
Rubber has a very low modulus of elasticity of about 7MPa and a Poisson’s ratio of 
0.5 (Payne and Scott, 1960). Therefore rubber aggregates tend to behave like weak 
inclusions or voids in the concrete, resulting in a reduction in compressive strength. It 
is well known that the presence of voids in concrete greatly reduces its strength: 5%  
voids can result in a strength reduction of more than 10% (Neville, 1997).  
 
The results also showed that coating the rubber aggregates with cement paste 
increased the strength of rubberised concrete. There are several possible reasons for 
this improvement. The cement coating could improve the adhesion of the rubber 
aggregate with the surrounding matrix and accordingly increase the strength of the 
rubberised concrete. However, according to Neville (1997) the determination of the 
quality of the bond between aggregate and cement paste is difficult and no accepted 
test exists. It is also possible that the cement coating smoothes the jagged surface 
texture of the rubber aggregate, thus reducing the amount of trapped air and therefore 
the voids content of the concrete. It is also highly likely that the cement coating 
reduces the amount of particle segregation during mixing by increasing the weight of 
the aggregate particles. The latter was observed during the preparation of the mixes. 
 
It is also worth noting that the failure of rubberised concrete specimens under 
compression loading did not exhibit the brittle failure mode typical of plain concrete. 
For example, plain concrete cylinder specimens under splitting tensile loading 
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exhibited a definite split upon failure but the rubberised concrete specimens did not 
physically split into two halves and continued to sustain load after initial failure. This 
improved ductility is consistent with the previously noted improvements in the flexural 
strength of rubberised concrete. 
 
In terms of the concrete mix design, it was found that of the various mixes tested, 
concrete Mix D performed best, producing plain concrete with the highest strength as 
well as the lowest strength reductions when rubber aggregate was incorporated into the 
mix. The main reason for this higher strength is that Mix D has a lower water/cement 
ratio of 0.48 and a higher amount of cement as compared to Mix A and C. Also, the 
use of 10 mm aggregate in place of a proportion of the 20 mm aggregate will tend to 
produce concrete with a lower voids content, both for plain and rubberised concrete. In 
addition, the smaller volume of rubber in the Mix D concrete will give a lower 
strength reduction than the other concrete mixes. 
 
The abrasion test results show that rubberised concrete exhibits increased depth of 
wear compared with the control concrete. However, the abrasion test results are 
difficult to interpret for rubberised concrete due to the difference in the abrasion 
behaviour of rubber chips compared with plain concrete. No clear trend of increasing 
depth of wear with increasing rubber content was observed, although this can be 
explained by more detailed analysis of the test data. Furthermore, little difference was 
observed between rubberised concrete with plain rubber aggregate and coated rubber 
aggregate. The presence of rubber aggregate tended to produce slightly uneven wear 
with the top surface of the rubber aggregate particles exposed slightly above the 
concrete surface. The use of a wearing screed would improve the abrasion 
performance of rubberised concrete floor slabs but would be unattractive in terms of 
cost. 
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6.0 Market Potential of Rubberised Concrete 
 
Currently, the number of used tyres which are recycled in civil engineering 
applications is very low and there is a pressing need to develop new markets for 
products incorporating recycled tyres. Clearly the potential market in civil engineering 
applications is enormous, and includes about £1.8bn annual expenditure on concrete 
products in the UK. However, any rubberised concrete products developed for the 
market need to be feasible in terms of cost, including material costs and production 
processes. This section considers the potential of rubberised concrete in various civil 
engineering applications. The discussion focuses on rubberised concrete blocks, which 
show the greatest potential for market development at present. However, the potential 
uses of rubber aggregate in composite construction is also considered.  
 
Before considering the potential applications of rubberised concrete, it is important to 
analyse the current situation regarding the costs of incorporating rubber aggregate in 
concrete products. 
 
6.1 Cost Analysis of Rubberised Concrete 
 
An important principle in terms of promoting recycling is that incorporating recycled 
material in new products and processes should be cost-neutral, particularly for industry 
where the UK Government is promoting an approach of producer responsibility on a 
voluntary basis in order to improve used tyre recovery rates. The pricing strategy for 
used tyre products such as granulated and crumb rubber should reflect this basic 
approach, otherwise the potential for the development of rubberised concrete products 
will remain low. A viable economic model for tyre recycling would produce benefits 
for both suppliers and users of products.  
 
6.1.1 Factors Affecting the Cost of Rubberised Concrete 
 
The most important factors which affect the economics of tyre recycling in rubberised 
concrete are outlined below. 
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Tyre reprocessing technology 
The tyre recycling industry in the UK is dependent on a relatively small number of 
reprocessors to deliver growth in the market and sustainable reprocessing capacity. 
The products they produce vary widely in terms of quality and cost. For example, 
rubber aggregates produced are highly variable in terms of aggregate size, composition 
and price, with each supplier producing grades to meet a particular niche market. This 
leads to customer dependency on a single supplier for a specific material and tends to 
restrict larger scale market development. 
 
Tyre recycling processes involve the reduction of used tyres into smaller pieces such 
as chip and crumb sizes for reuse or further processing. For most current uses of 
recycled tyres, the production processes attempt to add value to the basic material. 
This can be achieved by, for example, reducing the size, or by separating out the 
various components such as rubber, steel and fibre to produce a purer material. In 
addition, more value can be added by treating the crumb rubber in some way to 
improve its characteristics. However, as the amount of processing increases, the 
production costs and hence the price of the material also increase. This strategy is 
beneficial for producers and customers alike where the added value improves the 
profit margin for the producer and the cost of the new material is less than the material 
it replaces. This is the case for crumb rubber used in new tyre components as a 
replacement for virgin materials and also for crumb and chipped rubber used as 
surfacing for sports grounds and equestrian areas. In contrast, the current cost of 
recycled rubber presents a difficulty for use in rubberised concrete as it is more 
expensive than the mineral aggregates it replaces. However, the costs tend to reflect 
the value of competitor products and the size of the market. Therefore, the economics 
of using recycling rubber in concrete can be expected to change, including the 
production costs, as the market potential of new products develops.  
 
The Landfill Tax 
Current UK Government policy is to reduce demand for virgin materials and 
encourage the use of recycled materials by promoting a market solution through a 
mixture of statutory regulation and economic measures. The Landfill Tax was 
introduced in October 1996 to discourage the landfilling of inert and active waste and 
the value of the tax is set to increase over time. However, European Union legislation 
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currently bans the disposal of whole tyres in landfill sites and will ban the disposal of 
shredded tyres by the year 2006. Therefore, the Landfill Tax should not be applied 
directly to the cost analysis of rubberised concrete products as it will not be incurred 
for tyre disposal after 2006. However, the implementation of the landfill ban will 
undoubtedly improve the viability and economics of tyre recycling. It is possible that 
the tyre retailers will need to pay more to the tyre recyclers to take the used tyres and 
that this cost will be passed on to tyre purchasers. 
 
The Aggregates Levy 
A tax imposed by the government which does have a direct effect on the economics of 
rubberised concrete is the Aggregates Levy, which was introduced in April 2002. The 
aim of this tax is to reduce demand for virgin aggregates, encourage the use of 
recycled materials and address the environmental costs associated with quarrying. The 
tax applies to sand, gravel and crushed rock and is charged at £1.60 per tonne. These 
materials are all used in standard concrete mixes and should be included in the 
material replacement costs for virgin materials. However, the current costs of these 
virgin materials will include the Aggregates Levy. 
 
6.1.2 Cost Comparisons for Rubberised Concrete 
 
There are several approaches which can be taken to analyse the costs of rubberised 
concrete, bearing in mind the instability of the current market situation as we approach 
the landfill ban in 2006. 
 
Replacement value of virgin materials 
The first approach is to consider the replacement value of virgin materials used in 
current products. This calculates the acceptable price for rubber aggregate based upon 
the current price of virgin materials less an allowance for the cost of process changes. 
In this approach, the principle is that the use of rubber aggregate should be cost-
neutral. The acceptable price for rubber aggregate can then be compared with the 
actual price. The process change costs are dependent on the particular application and 
are therefore difficult to estimate at present. However, in the case of the production of 
precast concrete units, additional costs are likely due to the increased difficulty in 
preparing concrete mixes, such as segregation during mixing and surface finishing. A 
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process change allowance of 15% has been assumed in the analysis, based on previous 
studies (Owen, 1998).  
 
The cost data has been calculated by weight of materials and also by volume, and is 
given in Tables 6.1 and 6.2. Since rubber aggregate would be used to replace a specific 
volume of mineral aggregate, cost analysis by volume is more appropriate. It should be 
noted that the cost analysis by volume is tentative as the density of the materials will 
vary depending on the specific application. It can be seen that the use of rubber 
aggregate in concrete mixes cannot be sustained on the basis of the replacement value 
of virgin materials, although the analysis is much more favourable when based on 
volume. The Aggregates Levy makes very little positive difference to the economics 
of using rubber aggregate as a replacement material. The cost of aggregates is highly 
dependent on geography and haulage costs and while the British Aggregates 
Association estimates that the imposition of the tax increased the cost of mineral 
aggregates by between 12 – 50%, the cost of mineral aggregates remain much lower 
than current rubber aggregate prices. The cost of rubber aggregates also varies widely 
depending on the source of the rubber and the amount of processing during 
production. The supplier used in the present investigation produces rubber chip from 
truck tyres which undergoes a high level of processing to remove the steel and fibre 
components. The cost of these chips is therefore at the higher end of the range given in 
Table 6.1. However, the processing requirements for rubber aggregate used in concrete 
are likely to be less stringent, raising the possibility that production costs could be 
reduced if there is sufficient demand for the material. It can be concluded that the 
economics of using recycling rubber in concrete would have to change considerably 
for it to be viable as a cost-neutral replacement for virgin materials. This is possible as 
markets for new products develop after the imposition of the landfill ban in 2006. 
 
Table 6.1  Analysis of replacement value of rubber aggregate by weight 
 Material cost range (£/tonne) 
 Minimum Maximum 
10-20 mm aggregate 15.00   30.00 
Process change cost   2.25     4.50 
Acceptable price for rubber aggregate 12.75   25.50 
Actual price of rubber aggregate 80.00 160.00 
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Table 6.2  Analysis of replacement value of rubber aggregate by volume 
 Material cost range (£/m3) 
 Minimum Maximum 
10-20 mm aggregate 40.35   80.70 
Process change cost   6.05   12.11 
Acceptable price for rubber aggregate 34.29   68.60 
Actual price of rubber aggregate 91.20 182.40 
 
 
Cost of incorporating rubber aggregate 
The second approach is to consider the value added to concrete products as a result of 
using rubber aggregate. In general, the value added in production and processing will 
determine the viability of any type of recycling. This is the case for basic rubber 
crumb and chip products as well as any products incorporating these materials. The 
first stage is to determine the additional production costs for potential rubberised 
concrete products, which can then be set against the benefits of using these products. 
The potential benefits of using rubberised concrete products are under ongoing 
investigation, so at present this analysis is limited to the determination of the 
additional material costs. The products considered are concrete blocks and in-situ 
concrete used in applications such as floor slabs. 
 
The additional material costs are given in Table 6.3 for various potential rubberised 
concrete products. The table shows the cost analysis for the various mixes used in the 
present investigation as well as for a trial concrete block currently under development 
(as described in section 6.2) and a standard block mix used commercially. The 
material substitution costs for rubber aggregate per cubic metre of concrete are given 
for the various mixes as are the additional costs for a standard sized concrete block and 
the smaller block recently introduced to meet manual handling regulations. It should 
be noted that the cost analysis is tentative at this stage and further detailed analysis of 
material costs and process change costs should be carried out in conjunction with 
block manufacturers. 
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Table 6.3  Additional material costs for rubberised concrete products 
  Concrete mix 
  Mix A Mix B Mix C Mix D Trial 
block 
Standard 
block 
Volume of 20mm aggregate per 
m3 of concrete (m3) 
 0.471 0.456 0.314 0.304 0.223 0.230 
Volume of rubber aggregate for 
50% rubber content (m3) 
 0.236 0.228 0.157 0.152 0.112 0.115 
Mass of rubber aggregate per m3 
of concrete (kg) 
 269.04 259.9 179.0 173.3 127.7 131.1 
Cost of rubber aggregate per m3 
of concrete (£) 
Min. 
Max. 
21.53 
43.05 
20.79 
41.59 
14.32 
28.64 
13.86 
27.73 
10.22 
20.44 
10.49 
20.98 
Replacement cost of rubber 
aggregate per m3 of concrete (£)* 
Min. 
Max. 
  5.70 
27.22 
  5.44 
26.24 
  3.77 
18.09 
  3.63 
17.50 
  2.72 
12.94 
  2.76 
13.25 
290x215x140mm concrete block        
Additional retail cost per block 
(£) 
Min. 
Max. 
  0.05 
  0.24 
  0.05 
  0.23 
  0.03 
  0.16 
  0.03 
  0.15 
  0.02 
  0.11 
  0.02 
  0.12 
Increase in retail cost per block 
(%) 
Min. 
Max. 
  6.7 
32.0 
  6.7 
30.1 
  4.0 
21.3 
  4.0 
20.0 
  2.7 
14.7 
  2.7 
16.0 
440x215x150mm concrete block        
Additional retail cost per block 
(£) 
Min. 
Max. 
  0.08 
  0.39 
  0.08 
  0.37 
  0.05 
  0.26 
  0.05 
  0.25 
  0.04 
  0.18 
  0.04 
  0.19 
Increase in retail cost per block 
(%) 
Min. 
Max. 
  7.0 
34.2 
  7.0 
32.5 
  4.4 
22.8 
  4.4 
21.9 
  3.5 
15.8 
  3.5 
16.7 
*Based on rubber aggregate costs of £80-£160/tonne less mineral aggregate costs of £25/tonne 
 
It can be seen that the additional costs per block vary between 4% and 34% depending 
on the concrete mix design and cost of the rubber aggregates. For the commercially 
available blocks, the estimated increase in retail costs range between about 4% and 
17%, depending on the cost of the rubber aggregates. Provided that the cost of rubber 
aggregate can be kept to the lower end of the range, it can be seen that the cost 
increase should not be onerous for manufacturers. As mentioned previously, the less 
stringent processing requirements for rubber aggregate used in concrete are likely to 
further reduce the cost of rubber aggregate in this application, giving good prospects 
for rubberised concrete block production. 
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6.2 Concrete Blocks 
 
The production of concrete blocks has been successfully piloted during the present 
investigation. The standard blocks available commercially are manufactured in a 
different way to normal in-situ concrete and use a different mix design. The standard 
concrete blocks are a high-density, general purpose, load-bearing block widely used 
for a variety of building applications in the public and private sector and civil 
engineering. The blocks are available in solid, hollow and cellular format with a 
standard strength of 7.0 N/mm2. Other sizes and strengths are also available. 
 
Concrete blocks are manufactured commercially using a mechanised moulding 
machine, as shown in Figure 6.1. The steel moulds are reusable and have replaceable 
liners. The concrete block mix is discharged into the moulds and compacted using 
pressure and vibration to ensure that uniform concrete is produced. The compacted 
block is pressed out of the mould onto a moving conveyor belt and are then loaded 
onto a rack for curing. 
 
For the concrete block production trials, a concrete mix was developed which is 
similar to that used in industry (Mix E). The mix proportions are shown in table 6.4. 
The mix differs from those used previously in that it is relatively lean with a low 
cement content and high water/cement ratio of 0.87. This type of mix is appropriate 
since the compressive strength requirements for concrete block are quite low and a 
lean mix also produces a lighter block with higher void content than in-situ concrete. 
The high water/cement ratio gives a high workability and minimises the amount of 
compaction required. The aggregate size range is also smaller with a much higher 
proportion of sand used in the mix. 
 
Table 6.4  Mix proportions for the trial concrete blocks (Mix E) 
Materials Mix Proportions (kg/m3) 
BS 12 Ordinary Portland Cement 150 
Water 130 
Fine aggregate (grade 3) 900 
Coarse aggregate (6mm crushed) 350 
Coarse aggregate (10mm crushed) 600 
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Figure 6.1 Concrete block production process (courtesy of Masterblock Ltd) 
 
Figure 6.2 Rubberised concrete block with 25% rubber aggregate 
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Two sizes of blocks were tested. In the first group of tests, a standard-sized  
commercial block with dimensions 440 x 220 x 120 mm was tested. In the second and 
more extensive group of tests, a smaller block with dimensions 290 x 215 x 140 mm 
was produced and tested. This smaller sized block has recently been introduced to 
meet the new manual handling regulations for repetitive lifting. The mix design and 
block preparation are identical for each block. 
 
Block preparation 
Details of the block specification and preparation are given below. The preparation of 
the blocks replicates the normal commercial manufacturing process as closely as 
possible. 
 
¾ For rubberised concrete blocks, the 10 mm coarse aggregate was replaced by plain 
rubber aggregate at 10%, 25% and 50% by volume respectively. 
¾ The aggregates and cement were first mixed for 3 – 5 minutes. 
¾ The rubber aggregate, plain or cement coated, was then added gradually to the mix 
over a period of 2 minutes to ensure thorough mixing. 
¾ Water was then added gradually to the mix and mixed for 5 minutes to produce a 
uniform mix. 
¾ The mix was then discharged into the block mould and vibrated. 
¾ The mould was then transferred to a compression machine and compacted using a 
compressive force of 100 kN for a period of 1 minute. 
¾ The compacted and formed block was then cured at room temperature for 28 days. 
 
Compressive strength testing 
The compressive strength of the blocks was determined after 28 days using the 
standard method and procedures. The results are given in Table 6.5 for the standard 
block incorporating plain rubber chips. 
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Table 6.5   Test results for control and rubberised concrete blocks (block dimensions 
440 x 220 x 120 mm) 
Block specimen Compressive strength (N/mm2) Dry weight (kg) 
Control 7.98 22.10 
EP10 7.18 22.95 
EP25 6.65 22.75 
Note:  EP10 – rubberised concrete block containing 10% plain rubber aggregate 
 EP25 – rubberised concrete block containing 25% plain rubber aggregate 
 
It can be seen that the control block and rubberised concrete block with 10% rubber 
aggregate meet the required compressive strength of 7 N/mm2. The block with 25% 
rubber aggregate falls slightly under the required strength. However, as the required 
strength is quite low, in the subsequent tests on the smaller blocks improvements in the 
block preparation procedures made it possible to achieve the required strength and also 
increase the amount of rubber aggregate in the mix. A rubberised concrete block 
containing 25% rubber aggregate is shown in Figure 6.2. It can be seen that the finish 
and appearance of the block is similar to standard concrete blocks. 
 
The test results for the smaller blocks are shown in Table 6.6 for blocks incorporating 
plain rubber chips and rubber chips coated with cement paste. The table shows the 
compressive strength of each block tested after 28 days, the average compressive 
strength for each block type, and the Relative Strength, SR, which is defined as the 
ratio of the strength of the rubberised concrete block to the strength of the control 
block. Figure 6.1 shows the average compressive strength for the control and 
rubberised concrete blocks. From the data it can be seen that the compressive strength 
data is very consistent for each type of block. The compressive strength exceeds the 
required value of 7 N/mm2 except for blocks containing 50% rubber aggregate. It can 
also be seen that the strength of the blocks containing 10% rubber aggregate exceeds 
that of the control blocks. This is a similar trend to that observed previously for the 
flexural strength testing of standard concrete. The reason for this trend is not clear at 
present and is unlikely to be due to the same reason as for flexural strength. It is more 
likely to result from the block preparation procedures. However, the positive strength 
gain is advantageous. 
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Table 6.6   Test results for control and rubberised concrete blocks (block dimensions 
290 x 215 x 140 mm) 
Samples Blocks Compressive 
strength (N/mm2) 
Average compressive 
strength (N/mm2) 
Relative 
strength, SR  
Density 
(kg/m3) 
1 10.00 
2 9.72 
3 9.25 
4 11.02 
E 
5 11.94 
10.40 1.00 2180 
1 13.00 
2 13.50 EC10 
3 14.00 
13.50 1.30 2170 
1 8.60 
2 9.35 EC25 
3 9.61 
9.20 0.88 2142 
1 7.60 
2 6.61 EC50 
3 6.54 
6.90 0.66 2050 
1 12.60 
2 12.67 EP10 
3 12.56 
12.60 1.22 2170 
1 7.60 
2 7.80 EP25 
3 8.74 
8.00 0.77 2140 
1 6.70 
2 5.53 EP50 
3 6.11 
6.10 0.59 2004 
 
Figure 6.1   Average compressive strength for control and rubberised concrete blocks 
(block dimensions 290 x 215 x 140 mm)  
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The preliminary trials of rubberised concrete blocks were generally successful in 
producing a block which meets the required strength criteria. The mix design and 
production process can be further optimised to allow the use of larger quantities of 
rubber chips. As previously discussed, the cost of incorporating rubber aggregate in 
concrete blocks should not be onerous provided that sufficient added value can be 
obtained. This can be achieved through producing blocks with enhanced properties 
such as reduced weight and improved acoustic and thermal insulation. 
 
6.3 Composite Construction 
 
Composite construction is a relatively new technology which combines the 
compressive strength of the concrete slab and the tensile strength of the steel beam to 
produce a composite element much stronger than its constituent parts. This is achieved 
by welding steel studs onto the top surface of the steel beam which protrude into the 
concrete slab absorbing the coincident horizontal and vertical shear forces which exist 
along the interface between the concrete and steel, as shown in Figure 6.3. The studs 
are machine welded and are not difficult to place but their protrusion above the steel 
can pose a safety hazard on site. This problem has not stopped their use on site but 
alternatives are constantly sought. 
 
The Department of Civil Engineering at Strathclyde University has conducted a 
number of successful research programmes over the last decade into various forms of 
composite construction The effect on the performance of composite construction of 
using steel profiled sheeting as permanent formwork to the slab and welding the studs 
through was investigated. These studies led to the investigation of the design 
advantages of providing studs to accommodate less than 100% of the interface forces 
(partial composite action). Some advantages were determined but the difficulties of 
placing different patterns of studs throughout the frame prevented its use in practice. 
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Figure 6.3  Typical panel and curved panel of Bi-steel 
 
 
 
 
 
 
 
 
 
 
Figure 6.4  Section through composite sandwich beam 
Aluminium sheet 
 
Concrete infill 
 
Aluminium sheet
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A further study investigated the theoretical aspects of discrete connections in 
composite beams. These beams were in the form of sandwich beams comprising three 
or more layers of different materials. This form of construction is shown schematically 
in Figure 6.4. It is this latter work that may yield a use for rubberised concrete or small 
lengths of tyres. Being able to predict with accuracy the forces that exist in the various 
interfaces in static and dynamic conditions suggests this avenue of interest is 
promising. There is an existing experimental set up which will be used to investigate 
the behaviour of small scale models of composite construction incorporating layers of 
rubberised concrete. 
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7.0 Conclusions and Recommendations 
 
The overall objective of the project was to investigate the feasibility of incorporating 
rubber tyre chips as a replacement for natural mineral aggregates in concrete. The 
work undertaken includes the design of rubberised OPC concrete mixes, the evaluation 
of the mechanical properties of rubberised concrete and the investigation of the 
feasibility of concrete products incorporating rubber aggregate. The development of 
rubberised concrete products is still ongoing at the University of Strathclyde. The 
scope of this work is outlined in the recommendations for future work given in Section 
7.2. 
 
7.1 Conclusions 
 
The characteristics of fresh rubberised concrete mixes were assessed by carrying out 
British Standard tests for workability. Ease of preparation and finishing was also 
assessed. It was found that rubberised concrete mixes did not pose any difficulties in 
term of finishing, casting, or placement, and that a good quality finish can be achieved 
although additional effort is required to smooth the finish surface. However, increasing 
the rubber aggregate content reduces the workability of the mix. The required 
workability depends on the particular application and will influence the methods used 
in placing and finishing the concrete.  
 
The mechanical properties of rubberised concrete were established by carrying out 
British Standard tests for compressive, splitting tensile, and flexural strength, as well 
as durability tests for abrasion resistance using test equipment developed for the study. 
The test results show that the use of rubber aggregate in OPC concrete mixes produces 
a significant reduction in concrete compressive strength which increases with 
increasing rubber aggregate content. However, if the amount of rubber in the concrete 
is limited, a normal strength concrete can still be produced with potential uses in non-
primary structural applications. However, the results also showed an enhancement of 
concrete flexural strength which could be beneficial in some applications. 
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The various rubberised concrete mixes were designed in accordance with standard mix 
design procedures for plain concrete with a 40 MPa target compressive strength. As 
expected, the target strengths were not achieved for the mixes incorporating rubber 
aggregate. However, concrete mix design is approximate and any concrete batch must 
be tested to ensure that the specified properties are achieved. There is insufficient data 
available at present to produce a mix design procedure specifically for rubberised 
concrete. However, the compressive strength reductions obtained in the present study 
are reasonably consistent with those of previous investigations and can be used to 
make an initial estimate the likely compressive strength of rubberised concrete in the 
normal strength range. 
 
The durability of rubberised concrete in terms of abrasion resistance was found to be 
less acceptable than for plain concrete, with additional depth of wear and more uneven 
wear recorded at the surface of the slab. No clear tend of increasing wear with 
increasing rubber content was observed, although the abrasion test results are difficult 
to interpret for rubberised concrete. Rubberised concrete floor slabs can be protected 
by a wearing screed but this would produce an additional cost. 
 
The ability to produce cost effective rubberised concrete products for industry depends 
on overcoming some of the practical production difficulties such as surface finishing 
and aggregate segregation during mixing. A further difficulty is the current cost of 
rubber chips, which exceeds the cost of natural aggregates including the aggregates 
levy. This is due to the extensive processing carried out during rubber chip production, 
which required for specific applications such as sports and playground surfacing. 
However, an analysis of the additional material costs for rubberised concrete block 
production showed that the increased costs are relatively small and will probably fall 
further after the imposition of the landfill ban in the UK in 2006 as the cost of 
alternatives to recycling increases. It should also be possible to develop a lower cost 
rubber aggregate for use in concrete as the processing requirements will be less 
stringent than for current applications, giving good prospects for rubberised concrete 
block production. 
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7.2 Recommendations for Further Work 
 
The development of practicable rubberised concrete products is under ongoing 
investigation at the University of Strathclyde. In addition to meeting recycling and 
sustainability objectives, the aim is to produce products with enhanced properties in 
specific applications. The scope of ongoing work is outlined below. 
 
The use of rubberised concrete in concrete blocks probably shows the greatest 
potential for success at present. There is potential to produce concrete blocks with 
enhanced characteristics in terms of reduced weight and improved thermal and 
acoustic properties. Testing carried out to date has shown that a concrete block can be 
produced with the required strength characteristics. Ongoing work will investigate the 
feasibility of producing rubberised concrete block on a commercial basis and 
investigate the potential for enhanced thermal efficiency and sound insulation. 
 
Further work will be undertaken to develop a suitable mix design procedure 
specifically for rubberised concrete. It is hoped that this can be done in conjunction 
with the development of lower cost rubber aggregates which are acceptable for use in 
rubberised concrete mixes. This will assist in the development of least-cost technology 
options for the manufacture for rubberised concrete products. 
 
The durability of rubberised concrete will also be the subject of further investigation. 
Further work will be undertaken to investigate other durability issues such as impact 
and vibration resistance. Rubberised concrete shows potential where vibration 
damping is required, such as in foundation pads for machinery. 
 
 
 
 
 
 84
8.0 Acknowledgements 
 
The authors gratefully acknowledge the Onyx Environmental Trust for funding this 
study, and for their support throughout the study. 
 
The authors also thank Charles Lawrence Recycling for supplying the rubber chips 
used in the study. 
 85
9.0 References 
 
 
Acar, M. S., Journal of Prefabrication Union, Vol. 1, 1987, pp.15-19 
 
ACI Committee 201, “Proposed Revision of Guide to Durable Concrete,” ACI 
Material Journals, Vol. 88, No. 5, September/October 1991, pp.544-582 
 
Adams, C., Lamborn, M. and Shuler, S., “Asphalt – Rubber Binder Laboratory 
Performance,” Report FHWA/TX-8571, 347-1F, Texas Department of Highways and 
Public Transportation, August 1985 
 
Adhikari, B., De, D. and Maiti, S., “Reclamation and Recycling of Waste Rubber,” 
Progress in Polymer Science, Vol. 25, 2000, pp.909-948 
 
Ahmed, I and Lovell, C. W., “Use of Waste Materials in Highway Construction: State 
of the Practice and Evaluation of Shredded Waste Products,” Transportation Research 
Board, Washington DC, 1992, pp.1-9 
 
Ahmed, I., “Laboratory Study on Properties of Rubber-soils,” PhD Thesis, School of 
Civil Engineering, Perdue University, W Lafayette, 1993 
 
Ali, N. A., Amos, A., D. and Roberts, M., “Use of Ground Rubber Tyres in Portland 
Cement Concrete,” Proc. Int. Conf. Concrete 2000, University of Dundee, UK, 1993, 
pp.379-390 
 
American Concrete Institute, “Materials and General Properties of Concrete,” ACI 
Manual of Concrete Practice, Part 1, 1996 
 
Amirkhanian, S. and Manugian, D. “Utilisation of Waste Materials in Highway 
Construction,” Proceedings, ASCE 3rd Materials Engineering Conference, 
Infrastructure: New Materials and Methods of Repair, 1994, pp.919-927 
 
Biel, T. D. and Lee, H., “Magnesium Oxychloride Cement Concrete with Recycled 
Tyre Rubber,” Transportation Research Record, No. 1561, November 1996, pp.6-12 
 86
 
British Standard Institution, BS 1881-111:1983, “Method of Normal Curing of Test 
Specimens (20 0C method),” London 
 
British Standard Institution, BS 1881-116:1983, “Method for Determination of 
Compressive Strength of Concrete Cubes,” London 
 
British Standard Institution, BS 1881-117:1983, “Method for Determination of Tensile 
Splitting Strength,” London 
 
British Standard Institution, BS 1881-118:1983, “Method for Determination of 
Flexural Strength,” London 
 
British Standard Institution, BS 5328: Part 2: 1991, “Method for Specifying Concrete 
Mixes,” London 
 
Brown, P., “Watchdog Urge Stiff Dumping Penalties as EU Bans Disposal of Millions 
of Tyres a Year at Landfill Sites,” The Guardian, June 27, 2002 
 
Collins, R. J. and Ciesielski, S. K., “Recycling and Use of Waste Materials and By-
products in Highway Construction,” Synthesis of Highway Practise 199, TRB, 
National Research Council, Washington DC, 1994 
 
Design of Normal Concrete Mixes, Department of Environment, Building Research 
Establishment (BRE), Transport and Road Research Lab, 1975 
 
Eldin, N. N. and Senouci, A. B., “Engineering Properties of Rubberised Concrete,” 
Canadian Journal of Civil Engineering, Vol. 19, 1992. Pp.912-923 
 
Eldin, N. N. and Senouci, A. B., “Rubber-tyre Particles as Concrete Aggregate,” 
Journal of Materials in Civil Engineering, Vol. 5, No. 2, Nov. 1993, pp.478-496 
 
EPA, “Markets for Scrap Tyres,” Rep. No. EPA/530-SW-90-074A, US Environmental 
Protection Agency, Office of Solid Waste, Washington DC., 1991 
 87
 
Epps, J. A., “Uses of Recycled Rubber-tyres in Highways,” Synthesis of Highway 
Practise 198, TRB, National Research Council, Washington DC., 1994 
 
Esch, D. C., “Asphalt Pavement Modified with Coarse Rubber Particles: Design, 
Construction and Ice Control Observations,” Alaska Department of Transportation and 
Public Facilities, August 1984 
 
Estakhri, C., “Use, Availability and Cost Effectiveness of Asphalt rubber in Texas,” 
Research Report 1902-1F, Texas Transportation Institute, Texas A & M University 
System, September 1990 
 
Farcasiu, M., “Another Use for Old Tyres,” Chemtech, 1993, pp.22-24 
 
Fattuhi, N. I. and Clark, L. A., “Cement-based Materials Containing Shredded Scrap 
Truck Tyre Rubber,” Journal of Construction and Building Materials, Vol. 10, No. 4, 
1996, pp.229-236 
 
Fedroff, D., “Mechanical Properties of Concrete with Ground Rubber,” MSc thesis, 
North Carolina State University, Raleigh, 1995 
 
Fedroff, D., Ahmad, S. and Savas, B. Z., “Mechanical Properties of Concrete with 
Ground Waste Tyre Rubber,” Transportation Research Record, No. 1532, Sept. 1996, 
pp.66-72 
 
Goodier, J. N., “Concentration of Stress Around Spherical and Cylindrical Inclusions 
and Flaws,” Trans., ASME, Vol. 55, 1933, pp.39-44 
 
Goulias, D. G. and Ali, A. H., “Non-destructive Evaluation of Rubber Modified 
Concrete,” in Proceedings, Special Conference ASCE, New York, 1997, pp.111-120 
 
Goulias, D. G. and Ali, A. M., “Use of Tyre Rubber in Hot Mix Asphalt: Binder and 
Mixture Evaluation,” 10th International Conference on Solid Waste Management, 
University of Pennsylvania, Philadelphia, PA, Nov. 1994 
 
 88
Goulias, D. G., “Use of Waste Products in Highway Construction Materials: Research 
to Practise Cases,” Research to Practice Symposium on Repair and Rehabilitation of 
Pavements and Bridges, Omnipress, Madison, WI, May 1996, pp.7-19 
 
Hird, A.B., Griffiths, P.J., and Smith, R.A., “Tyre Waste and Resource Management: a 
Mass Balance Approach”, Viridis Report VR2, TRL, 2002, ISSN 1478-0143. 
 
Khatib, Z. K. and Bayomy, F. M., “Rubberised Portland Cement Concrete,” Journal of 
Materials in Civil Engineering, Vol.11, No.3, August 1999, pp.206-213 
 
Khosla, N. P. and Trogdon, J. T., “Use of Ground Rubber in Asphalt Paving 
Mixtures,” Technical Report, Department of Civil Engineering, North Carolina State 
University, Raleigh, May 1990 
 
Kosmatka, S. H. and Panarese, W. C., “Design and Control of Concrete Mixtures,” 13 
Ed., Portland Cement Association, Skokie, Ill, 1990 
 
Lee, B., Presentation at ACI Spring Convention, ACI, Salt Lake City, Utah, 1995 
 
Leyden, J., “Cryogenic Processing and Recycling,” Rubber World, Vol.203, No. 6, 
March 1991, pp.28-29 
 
Li, Z., Li, F. and Li, J. S. L., “Properties of Concrete Incorporating Rubber Tyre 
Particles,” Magazine of Concrete Research, Vol. 50, No. 4, Dec 1998, pp.297-304 
 
Martin, W., “Tyres Crack-down to Help the Environment,” Environment Agency, 
November, 19, 2001 
 
Metha, P. K. and Monteiro, P. J. M., “Concrete Structure, Properties and Materials,” 
2nd Ed., Prentice Hall, Englewood Cliffs, N. J., 1993 
 
Murdock, L. J., Brook, K. M. and Dewar, J. D., “Concrete: Materials and Practice,” 6th 
Ed., Edward Arnold, London, 1991 
 
 89
Nagdi, K. “Rubber as an Engineering Material: Guidelines for Users,” Hanser 
Publication, Germany, 1993 
 
Neville, A. m., “Properties of Concrete,” 4th Ed., Longman, London, 1995 
 
O’Keefe, W., Power, Vol. 128, No. 10, October 1984, pp.115 
 
Owen, K. C., “Scrap Tyres: A Pricing Strategy for a Recycling Industry,” Corporate 
Environmental Strategy, Vol. 15, No. 2, 1998, pp.42-50 
 
Paul, J., Encyclopaedia of Polymer Science and Engineering, Vol. 14, 1985, pp.787-
802 
 
Payne, A. R. and Scott, J. R., “The Properties, Testing and Design of Rubber as An 
Engineering Material,” MacLaren & Sons, LTD, London, UK and Interscience 
Publishers, Inc., New York, N. Y., 1960 
 
Rad, F., New Horizons in Construction Materials, 1976, pp87-292 
 
Raghavan, D., Huynh, H. and Ferraris, C. F., “Workability, Mechanical Properties and 
Chemical Stability of a Recycled Tyre Rubber-filled Cementitious Composite,” 
Journal of Materials Science, Vol. 33, No. 7, April 1998, pp.1745-1752 
 
Rostami, H., Lepore, J., Silverstraim, T. and Zandi, I., “Use of Recycled Rubber Tyres 
in Concrete,” in Proceedings International Conference Concrete 2000, University of 
Dundee, UK, 1993, pp.391-399 
 
Savas, B. Z., Ahmad, S. and Fedroff, D., “Freeze-thaw Durability of Concrete with 
Ground Waste Tyre Rubber,” Transportation Research Record, No. 1574, Nov. 1996, 
pp.80-88 
 
Schimizze, R., Nelson, J., Amirkhanian, S. and Murden, J., “Use of Waste Rubber in 
Light-duty Concrete Pavements,” in Proceedings, ASCE 3rd Materials, Engineering 
Conference, Infrastructure: New Materials and Methods of Repair, 1994, pp.367-374 
 90
 
Scrap Tyre Management Council (STMC), “Management of Used or Scrap Tyres,” 
Waste Minimisation and Recycling, Texas Natural Resource Conservation 
Commission, March 2001 
 
Segre, N. and Joekes, I., “Use of Tyre Rubber Particles as Addition to Cement Paste,” 
Cement and Concrete Research, Vol. 30, 2000, pp.1421-1425 
 
Sherwood, P. T., “The Use of Waste and Recycled Materials in Roads,” Proceedings 
Institution of Civil Engineers Transportation, Vol. 111, May 1995, pp.116-124 
 
SHR, Funding Available for Materials Recycling Research, Focus: Strategic Highway 
Research Program, July 1994 
 
Singh, A., “Potential Modification of Polyblends by Irradiations,” International 
Conference in Advanced Additives Modifiers Poly Blends, Miami, FL, 1992 
 
Smith, F. G., Rubber ACS Division, Meeting, IRC, Orlando, FL, 26-28 October 1993 
 
“Standard Practice for Selecting Proportions for Normal, Heavyweight and Mass 
Concrete (Standard 211.1),” ACI Manual of Concrete Practice, Part 1, American 
Concrete Institute, Detroit, Mich, 1991 
 
Takallou, H. B. and Takallou, M. B., Elastomeric, Vol. 123, 1991, pp.19 
 
Tantala, M. W., Lepore, J. A. and Zandi, I., “Quasi-elastic Behaviour of Rubber 
Included Concrete,” in Proceedings, 12th International Conference on Solid Waste 
Technology and Management, 1996 
 
Topcu, I. B. and Avcular, N., “Analysis of Rubberised Concrete as a Composite 
Material,” Cement and Concrete Research, Vol. 27, No. 8, 1997, pp.1135-1139 
 
Topcu, I. B., “The Properties of Rubberised Concrete,” Cement and Concrete 
Research, No. 25, 1995, pp.304-310 
 91
 
Topcu, I. B., and Ozcelikors, Y., “Rubberised Concrete,” Akdeniz University, Isparta 
Engineering Faculty, 7th Engineering Week, Isparta, Turkey, May 1991 
 
Toutanji, H. A., “The Use of Rubber Tyre Particles in Concrete to Replace Mineral 
Aggregate,” Cement and Concrete Composites, Vol. 18, 1996, pp.135-139 
 
Waste Watch, “Scrap Tyres,” Waste Tyre Solutions, www.wastewatch.org.uk, 1997 
 
Zhou, S., “The role of cement content in specifications for durability of  
concrete,” PhD Thesis, University of Dundee, 2001, pp.245-249. 
 
 
 
 
 
 
 
 
